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Abstract 
 
 
One of the water soluble vitamins which continues to be the focus of research is 
ascorbic acid (AA) reflecting the essential roles of this molecule in human health. As 
well as acting as an antioxidant in the human body, AA is a cofactor in collagen 
formation while reducing physical stress in the body. However, AA is unstable under 
various conditions, involving pH, oxygen, light, heat, processing and storage. In the 
preliminary stages of the current study, the stability of AA, used as a fortificant during 
the preparation of instant Asian noodles, has been investigated. The results showed that 
there was a decrease at each stage of processing and the decrease was high at those 
stages when heat was applied. When noodles were cooked, ready for consumption, the 
loss represented approximately two thirds of the total amounts of AA originally 
incorporated into the product formulation. The results of this trial further demonstrate 
and confirm the need for a strategy to enhance retention by which AA is effectively 
protected during the processing and preparation of food products. 
 
In order to increase the stability of AA under a variety of processing conditions, the 
potential of microencapsulation has been investigated and the technique of spray drying 
was selected for encapsulation in this study. Whilst previous research on 
microencapsulation in foods has focused upon protection and delivery of flavour 
components, few reports are available on the encapsulation of active ingredients that are 
water soluble, including micronutrients. Accordingly the primary purpose of this 
research has been to investigate suitable encapsulating agents which can effectively 
increase the retention of AA.  
 
A range of wall materials, particularly starch based products as well as gum Arabic, 
were trialled and various combinations used to encapsulate AA by spray drying on a 
pilot scale. High yields of capsules were achieved ranging between of 75 and 93% and 
moisture contents and water activity were low, falling within the ranges of 2.7 to 8.2% 
and 0.15 to 0.48 respectively. In addition, methods for extraction as well as analysis of 
AA by capillary electrophoresis, were set up and validated. These were applied to an 
evaluation of effectiveness of the spray drying technique and showed that recovery of 
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the active material (AA) was consistently high, with virtually no losses during 
microencapsulation. 
 
The resultant microcapsules were then further characterised with a series of analyses 
including particle size by laser scattering, X-ray diffraction as well as morphology of 
the capsules evaluated using electron microscopy. The capsules had particle size 
distributions reflecting uniformity and relatively small size, with particle diameters of 
10 to 60 µm. The microcapsules were typically spherical with indentations observed in 
some cases. These characteristics of size and shape would readily allow the 
incorporation of the microcapsules into food formulations without any likelihood of 
causing graininess in texture or other adverse impacts on sensory attributes of the foods. 
Electron microscopy confirmed that for all of the encapsulating agents, the capsules that 
were uniform in size and the outer surfaces had good integrity with the structures 
remaining intact. When a series of thirteen different combinations of encapsulating 
agents were used as wall materials, there was very little impact on either the size or 
structural appearance of the microcapsules. Furthermore, when samples of the 
encapsulating agents and the microcapsules were evaluated using X-ray diffraction 
(wide angle scattering), the degree of crystallinity of the wall materials directly affected 
that observed for the capsules produced by spray drying. This demonstrates that where 
starch granules were present, these were not gelatinised to any extent during 
microencapsulation. 
 
In order to compare the effectiveness of the encapsulation procedure and further 
compare the thirteen combinations of encapsulating agents being investigated, a long 
term storage trial was carried out. For this, samples of the microcapsules were stored for 
varying time periods (0 to 15 months) at a range of temperatures (20, 30, 37 and 48 C). 
Samples of capsules taken at different times were analysed for AA contents and 
evaluated microscopically for morphological changes. Statistical analysis was 
performed to compare the retention of AA following storage and the results demonstrate 
excellent stability of AA obtained for a number of the microcapsule combinations, even 
under the harshest temperature conditions used. The rates of loss for AA varied widely 
depending on the selection of encapsulating agents used in capsule preparation. The five 
combinations which were most effective in enhancing the retention of AA were 
maltodextrin F30 with Instant 449; maltodextrin F30 with Instant MAPS; Hi 
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CAP™100; maltodextrin F17 with Instant 449; as well as maltodextrin F30 with gum 
Arabic and Hi Maize™1043. The data also confirmed that, overall, the rate of loss 
decreased as the storage temperature was reduced and when the preparations were 
ranked according to the rate of loss of AA, generally the same rankings were found for 
each of the temperatures used in the trial.  
 
For those combinations where maltodextrins were incorporated, the dextrose equivalent 
value did not appear to strongly impact on the retention of AA, although higher degrees 
of hydrolysis were associated with enhanced stability of AA. The incorporation of Hi 
Maize™1043 during microcapsule preparation showed no significant effect on 
increasing the retention of AA during the period of the trial. A further aspect of 
microcapsule formulation for which a limited investigation was carried out involved the 
loading level of the active agent. The data show that higher levels of AA loading 
resulted in significantly increased retention at each of the temperatures trialled in this 
study. The calculated values for starch crystallinity obtained from the X-ray study 
demonstrated a negative relationship with the retention of AA. For those microcapsules 
having only amorphous structure, retention was higher than for those showing 
crystallinity. This might be related to the presence of lower molecular weight 
carbohydrate fragments in the walls of the capsules with amorphous structure, providing 
enhanced protection of the AA that has been encapsulated. 
 
Finally, spray drying has been found to provide a practical approach to 
microencapsulation of AA. The primary conclusion of this research is that five of the 
thirteen combinations of wall materials which were evaluated showed excellent 
potential for enhancing retention of AA. These are maltodextrin F30 with Instant 449, 
maltodextrin F30 with Instant MAPS, Hi CAP™100, maltodextrin F17 with Instant 449 
as well as maltodextrin F30 with gum Arabic and Hi Maize™1043. Accordingly further 
studies are warranted and it is recommended that these microcapsules be further 
assessed through incorporation into a range of food products. It is suggested that these 
be selected as having varying product characteristics while fulfilling the need for 
lightweight food sources for military personnel on active duty. 
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Explanatory notes 
 
The purpose of these notes is to briefly describe the approaches adopted during the 
preparation of this thesis. These include issues of spelling and expression as well as 
formatting styles including those used for referencing the scientific literature: 
1. Where alternative spellings are in common use then the British rather than the 
American approach has been adopted in the text. Examples include the term 
colour (rather than color), words ending with –ise (rather than –ize) and some 
technical terms; 
2. The term “feed solution” is used in this thesis to refer to the liquid material 
prepared for the purposes of spray drying. The procedure is described in full detail 
within Section 4.5 of this thesis, but typically this entailed adding one or more 
powdered encapsulating agents along with the core material of ascorbic acid to 
water with stirring, heating and allowing sufficient time to ensure hydration of the 
hydrocolloid component(s). The term solution is applied in this context for 
convenience although it is clearly recognised that the hydration of many large 
polymeric polysaccharides does not result in the formation of a solution in the 
strictest sense. Here the term is used to refer not only to blended materials that are 
dissolved thoroughly in water, but also to mixtures that are effectively 
homogeneous dispersions in water; 
3. Generally, the basis for presentation of results has been to use SI units. It is, 
however noted that in line with the commonly used practice for food 
compositional data, values for ascorbic acid have been expressed per 100 g of the 
food or microcapsule sample. In addition, in order to facilitate comparisons, data 
are also presented in relative terms. Examples include the yields from spray 
drying trials and retention figures following storage under different conditions. 
Such data are expressed as percentage values with respect to initial levels; 
4. In the citation and listing of references and information sources, the approach 
taken is that of the American Psychological Association (APA) (American 
Psychological Association, 2010). This choice was made on the basis that the 
APA format has recently been adopted within the instructions to authors 
(Elsevier, 2011), currently recommended for manuscripts submitted to Food 
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Chemistry published by Elsevier. This is one of the most highly ranked 
international journals in the field of food science and technology (Thomson 
Reuters, 2011); 
5. The use of trade names for the food ingredients that are used in this study is based 
on the current guidelines from Journal of Food Science (2010). It is noted that this 
journal is published by the Institute of Food Technologists (Chicago, United 
States) and is a well established, highly ranked (Thomson Reuters, 2011) and 
respected journal. Their instructions indicate that trade names are to be avoided in 
defining products whenever possible. Here in the preparation of thesis, the listing 
of trade names of ingredients has been mentioned at the first use of the name and 
at this point the name has been accompanied by the relevant superscript symbol 
(™ or ®). All subsequent references in the thesis have simply been to the 
common name of the ingredient without inclusion of the superscript symbol 
designation (Institute of Technologists [IFT], 2010a); and 
6. In relation to a number of other specific formatting issues, it was also decided 
that, for this thesis, the style would be adopted from the instructions to authors 
currently recommended for manuscripts submitted to the Journal of Food Science 
(Institute of Technologists [IFT], 2010b). This approach was used on the basis 
that most of the other well recognised journals do not clearly define requirements 
to cover these issues. The specific formatting adopted from this source include: 
 Space between number and degree sign (for example: 120 °C); 
 Space between ± and number (for example: 29 ± 1 °C); 
 Space between measurement and number (for example: 13 mm); and 
 No space between % and number (for example: 94%). 
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Chapter 1 
 
Introduction 
 
The purpose of the chapter is to provide a brief overview of the research program 
described in this thesis on the microencapsulation of ascorbic acid (AA). This involved 
comparing a variety of wall materials and the subsequent retention of AA during 
extended storage of the capsules. This project has been developed on the basis of the 
following issues: 
 As a vitamin, AA is essential to human health being required for normal 
functioning of the body and maintenance of metabolic integrity. Among the 
functions are the roles of an antioxidant, a cofactor in collagen formation and 
other reactions as well as reducing physical stress; 
 A number of chemical and physical factors affect the stability of AA in foods, 
including pH, oxygen concentration, temperature and exposure to light. AA is 
highly susceptible to oxidation, especially in the presence of metal ions. The rate 
of oxidation is also increased by exposure to heat and light; 
 Although food is potentially an excellent source of nutrients, not all of these are 
present in all foods in the same proportion, and so a balanced diet is essential in 
preventing illness related to poor nutrition. Fortification is one of the public health 
strategies for maintaining or enhancing the nutritional quality of the food supply, 
depending on local situations, nutrient needs and food composition patterns; 
 There has been considerable research into AA fortification of food products. This 
nutrient is now used quite widely to fortify foods, particularly in conjunction with 
other nutrients in order to enhance or maintain their availability or function; 
 Microencapsulation technology provides a strategy for enhancing retention of 
sensitive and expensive food components, including AA through protection from 
adverse conditions and allowing delivery to the target site at the required time; 
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 Spray drying has been used for encapsulation of a variety of food components, 
including flavouring agents, fats and oils, vitamins and minerals, microorganisms 
and enzymes as well as sweeteners and colorants. This technique has been 
increasingly adopted as a technology which is relatively inexpensive and simple to 
apply to the large scale production of microcapsules; and 
 A variety of food ingredients have been considered for use as microencapsulating 
agents with selection depending upon the characteristics of the components to be 
protected. Among the options for wall materials are the complex carbohydrates 
and hydrocolloids, including starches, maltodextrins and gum Arabic. These have 
potential for the encapsulation of water soluble materials and are suitable for use 
with spray drying technology. 
Accordingly, this study is based on the hypothesis that microencapsulation technology 
using various hydrocolloids agents could provide protection and increase the stability of 
AA in food applications. Therefore, this project seeks to evaluate encapsulating agents 
which might be suitable for enhancing the stability of AA during storage, particularly 
against conditions of elevated temperature over extended periods of time. 
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Chapter 2 
 
Background 
 
This chapter provides background and review of previous scientific research relevant to 
the studies reported in this thesis. The areas covered in this chapter consist of vitamins 
and the fortification of foods, particularly focusing on AA, its importance in the human 
body as well as factors that affect its stability. 
 
2.1 Overview of vitamins 
 
As long ago as the decade of the 1890s, vitamins were first recognised by researchers as 
substances in foods that were “vital to life”. Since then, the world of vitamins has 
opened up dramatically. Vitamins are different from carbohydrates, fats and proteins in 
terms of structure, function and the typical contents found in foods. Vitamins do not 
directly yield usable energy when broken down, although some have a role in assisting 
the enzymes that release energy from carbohydrates, fats and proteins. Moreover, in 
terms of food content, the amount of vitamins from foods and recommended amounts 
required in the human diet are measured in micrograms (µg) or milligrams (mg), rather 
than grams (g) (Whitney & Rolfes, 2002). 
 
The vitamins are chemically a diverse group of compounds. However, nutritionally, 
they form a cohesive group of organic compounds: they are dietary essentials being 
required in small amounts for the normal functioning of the body and maintenance of 
metabolic integrity (Bender, 2003; Buskov, Moller, Sorensen, Sorensen, & Sorensen, 
1998; deMan, 1999; Hau Fung Cheung, Marriott, & Small, 2007; Shenkin, 2006). They 
are also similar to the energy yielding nutrients, though, in that they are vital to life, 
having organic molecular structures and being available from food sources. In terms of 
solubility, vitamins can be divided into hydrophilic, water soluble vitamins which are 
the B vitamins and AA, as well as hydrophobic, fat soluble vitamins which are vitamins 
A, D, E and K (Buskov et al., 1998; deMan, 1999; Ehlermann, 2002; Hau Fung Cheung 
et al., 2007; Whitney & Rolfes, 2002). 
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2.2 The importance of vitamins 
 
Metabolically, vitamins function in a variety of ways, including serving catalytic 
functions and serve as coenzymes or their precursors (niacin, thiamin, biotin, 
pantothenic acid, vitamin B6, vitamin B12 and folate), as components of the 
antioxidative defence system (AA, certain carotenoids and vitamin E), as factors 
involved in genetic regulation (vitamin A, D and potentially several others) and also in 
other specialised functions. Examples of the latter are the role of vitamin A in vision, 
ascorbate in various hydroxylation reactions and vitamin K in specific carboxylation 
reactions (Bender & Mayes, 2003; deMan, 1999; Gomis, Gonzalez, & Alvarez, 1999; 
Gregory, 2008; Spencer & Purdy, 1997). 
 
2.3 Vitamin stability 
 
Beginning at the time of harvesting, virtually all foods undergo some loss of vitamins. 
The significance of partial loss of vitamins depends on the nutritional status of the 
individual for the vitamin of interest, the importance of the particular food as a source of 
that vitamin as well as the bioavailability of the vitamin. Most processing, storage and 
handling methods are intended to minimise vitamin losses. Regardless of whether 
vitamins are naturally occurring or added, the potential exists for losses by chemical or 
physical means. The stability of vitamins is summarised in Table 2.1 along with the 
effects of various factors, particularly pH, oxygen, temperature and light. Since losses of 
vitamins are almost inevitable in the manufacturing, distribution, marketing, home 
storage and preparation of processed foods, there is a need to understand how vitamins 
are lost, in order that steps can be taken to control these losses (Buskov et al., 1998; 
deMan, 1999; Gregory, 2008). 
 
Recent studies have been focussed upon the retention of water soluble vitamins 
including riboflavin (vitamin B2), vitamin B6, thiamin (vitamin B1), and the folate group 
that includes folic acid used as a fortificant (Bui & Small, 2007a, 2007b, 2007c; 2007d, 
2007e, 2008a, 2008b, 2009; Gregory, 2008; Hau Fung Cheung, Hughes, Marriott, & 
Small, 2009; Hau Fung Cheung et al., 2007; Hau Fung Cheung, Morrison, Small, & 
Marriott, 2008; Hau, 2008). In all cases considerable losses, ranging between 40 and 
97%, were found to occur during processing and preparation of selected foods, with 
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product pH being a significant factor in some cases. On the other hand, niacin is much 
more stable in foods (Gregory, 2008; Kawila, Small, Marriott, & Tian, 2008). Data on 
AA also indicates significant losses during processing and storage of various foods 
(Gregory, 2008; Hoare, Jones, & Lindsay, 1993; Ma, Cato, & Small 2007; Sanyoto, 
Wijaya, & Small, 2008). 
 
Table 2.1 Summary of vitamin stability 
 
Nutrient Neutral Acid Alkaline Air or 
oxygen 
Light Heat Cooking 
loss 
Vitamin A S U S U U U 40 
AA U S U U U U 100 
Biotin S S S S S U 60 
Carotenes S U S U U U 30 
Choline S S S U S S 5 
Vitamin B12 S S S U U S 10 
Vitamin D S S U U U U 40 
Folate U U U U U U 100 
Vitamin K S U U S U S 5 
Niacin S S S S S S 75 
Pantothenic 
acid S U U S S U 50 
Vitamin B6 S S S S U U 40 
Riboflavin S S U S U U 75 
Thiamin U S U U S U 80 
Tocopherols S S S U U U 55 
 
Notes 1 S indicates Stable (little or no destruction); U: Unstable (significant destruction).  
 2 The cooking loss values are the maximum values which might be expected. 
 3 Source: Adapted from reference Gregory (2008). 
 4 The information presented here represents the typical stability characteristics observed. 
However it is recognised that stability within particular food products may vary depending 
upon the specific properties of the food. 
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2.4 Overview of ascorbic acid 
 
Regarding sources of AA, this is widely distributed in both plant and animal products. 
Fruits, vegetables and organ meats (including liver and kidney) are generally the best 
sources; but only small amounts are found in muscle meats. Plants synthesise AA from 
carbohydrates and most seeds do not contain AA, but start to synthesise it upon 
sprouting. Some plants accumulate high levels of AA, including fresh tea leaves, some 
berries, guava and rose hips. Moreover, for practical reason, citrus fruits are good daily 
sources of AA as they are generally eaten raw and not subjected to cooking procedures 
that can destroy AA (Combs, 1992). 
 
AA is highly polar and therefore it is soluble in aqueous solution and insoluble in less 
polar systems and, in addition, AA is acidic as a result of ionisation of the C-3 hydroxyl 
group (Gregory, 2008). It is noted that AA is highly soluble in water with more than 
300 g dissolving in a litre of water at room temperature (Budavari, 2001). L-AA is the 
trivial name for L-threo-2-hexenono-1,4-lactone (Liao & Seib, 1988), which is the 
physiologically important form of the molecule. This can undergo a two step reversible 
oxidation processes producing L-dehydroascorbic acid (DHAA) (Figure 2.1). 
 
 
 
 
  L-AA         L-DHAA 
 
Figure 2.1 Oxidation – reduction reaction of AA molecule (Gregory, 2008) 
 
Both L-AA and DHAA have vitamin activity. Furthermore, D-iso-AA (erythorbic acid) 
which is prepared synthetically and is an approved food additive, also has vitamin 
activity (Bender, 2003; deMan, 1999; Kitts, 1997). However, the use of D-iso-AA in 
foods is regulated due to its possible interference with the bioavailability of L-AA  
(Liao & Seib, 1988). In vivo and in cell culture, it has only about 5% of the biological 
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activity of ascorbate. The low relative activity might be caused by poor intestinal 
absorption and tissue intake. It has been shown from in vitro studies that D-iso-AA has 
the same cofactor activity as AA with purified enzymes. In addition, D-iso-AA, which 
is not a naturally occurring compound, is widely used as an antioxidant in a variety of 
foods, including cured meat, fruits and vegetables (Bender, 2003). 
 
2.5 The importance of ascorbic acid 
 
As an essential nutrient, AA functions in several ways, including acting as an 
antioxidant, a cofactor in collagen formation and other reactions as well as reducing 
physical stress. Since AA loses electrons easily, it can readily act as an antioxidant, 
thereby functioning in the body to defend against the harmful effects of free radicals. In 
the cells and body fluids, AA protects tissues from oxidative stress and therefore plays 
an important role in preventing disease (Combs, 1992; Whitney & Rolfes, 2002). In the 
intestine, it also enhances iron absorption by protecting iron from oxidation (Ahn, 
Kwak, Lee, & Lee, 2004; Escalada Pla, Campos, Gerschenson, & Rojas, 2009; Hau 
Fung Cheung et al., 2007; Nayak & Nair, 2003). 
 
As an antioxidant, AA has been shown to effectively scavenge both superoxide free 
radicals and singlet oxygen. The latter is a reactive chemical species that can combine 
with unsaturated fatty acids, aromatic compounds and sulphur containing compounds 
resulting in lipid peroxidation, inactivation of enzymes and other damaging effects. The 
singlet oxygen also has the capability of generating superoxide free radicals. AA can 
also protect the cell membrane against lipid peroxidation by directly intercepting free 
radicals generated in the aqueous phase, thus preventing their attack on lipid membranes 
(Bendich, Machlin, & Scandurra, 1986).  
 
High levels of AA in the protecting cells, including neutrophils, mast cells and 
macrophages, have been proposed as a protective mechanism against self destruction. 
Release of ascorbate into the extracellular fluid by stimulated macrophages and 
neutrophils may protect cells from free radical damage. Moreover, AA can also protect 
lens tissue of the eye and retina from photo-oxidative damage, where a high level of AA 
in the fluid surrounding the lens of the eye results in less damage from superoxide 
radical attack. AA may also be important in preventing age-related changes in lens 
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tissue and it has been reported that AA can protect the eye from inflammatory products 
generated by the myeloperoxide system in neutrophils. High AA concentrations in the 
aqueous humor have been shown to selectively inhibit the secretion or detection of 
myeloperoxidase activity (Bendich et al., 1986). 
 
AA plays an important role as a cofactor in a variety of important enzyme reactions, 
including synthesis of catecholamines, carnitine, cholesterol, amino acids and certain 
peptide hormones. It also functions in facilitating the hydroxylation of proline and 
lysine residues in collagen, facilitating the intracellular folding of procollagen for export 
and deposition as mature collagen (Harrison & May, 2009). Moreover, physical stress, 
including that associated with burns, intakes of heavy metals and chronic use of certain 
medications, increases AA needs by the use of larger amounts of oxygen and the 
production of many free radicals. Therefore, AA acts as antioxidant to control this 
oxidative activity (Whitney & Rolfes, 2002). 
 
Moreover, AA exerts significant influence over the immune system; this includes the 
role as an effective antioxidant contributing to the maintenance of the redox integrity of 
cells and protection against reactive oxygen species generated during respiratory burst 
and inflammatory response. It generates other oxidants, including vitamin E, stimulates 
leukocyte functions (neutrophil, monocyte movement) and decreases severity of the 
common cold. It also has been reported to have roles in anti-microbial and natural 
defensive activities, lymphocyte proliferation, chemotaxis and delayed hypersensitivity 
responses (Wintergerst, Maggini, & Hornig, 2007).  
 
In addition to its function as an essential nutrient, AA is also used as a food ingredient 
as either an additive or a processing aid because of its reducing and antioxidative 
properties. For instance, AA performs reductive action in dough conditioners, protects 
certain oxidisable compounds (e.g. folates) and inhibits nitrosamine formation in cured 
meats as well as the reduction of metal ions (Adachi, Fukami, Matsuno, & Watanabe, 
2004; Gregory, 2008). AA also acts as a hydrogen donor, in synergism with iron and is 
a scavenger for free radicals thereby preserving carotenes from degradation (Escalada 
Pla et al., 2009). 
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It has been reported that AA has the potential ability to protect low density lipoprotein 
from pro-oxidant effects of homocysteine as well as iron and this may prevent 
cardiovascular disease. Similarly it appears to function against a variety of other pro-
oxidants including peroxyl radicals, the gas phase oxidants of cigarette smoke, copper 
ions, hemin and hypochlorous acid as well as activated polymorphonuclear leukocytes. 
AA is a powerful antioxidant having the ability to attenuate homocysteine-induced 
endothelial dysfunction which increases vascular oxidant stress, possibly including low 
density lipoprotein (Alul et al., 2003; Bendich et al., 1986). 
 
2.6 Recommended dietary intakes of ascorbic acid 
 
The recommended dietary intakes (RDI) values for AA vary by life stage and gender. In 
addition, there are variations in the recommendations for different countries. Within 
Australia, RDI values are established and published by the National Health and Medical 
Research Council (NHMRC) and the details of the current RDI for AA are presented in 
Table 2.2. These requirements are based on an assessment of the amounts typically 
required for prevention of scurvy, from vitamin C turnover studies as well as 
biochemical indices of vitamin C status in man (National Health and Medical Research 
Council [NHMRC], 2006).  
 
2.7 Ascorbic acid deficiency and toxicity 
 
The two most notable signs of AA deficiency which reflect its role in maintaining the 
integrity of blood vessels are scorbutic gums (gums bleeding readily around teeth) and 
pinpoint hemorrhages (capillaries under the skin break spontaneously). If AA deficiency 
continues, scurvy symptoms begin to appear; inadequate collagen synthesis causes 
further hemorrhaging; the skin becomes rough, brown, scaly and dry, and in addition, 
teeth become loose as the cartilage around them weakens. Moreover, there are also 
physiological signs of scurvy symptoms, including hysteria and depression (Combs, 
1992; Whitney & Rolfes, 2002). In infants, AA deficiency is known as infantile scurvy 
and this may result in bone abnormalities, hemorrhagic symptoms and anemia. Infantile 
scurvy is rarely seen because human milk generally provides an adequate supply of AA 
and infant formulas are fortified with this vitamin (Otten, Hellwig, & Meyers, 2006).  
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Table 2.2 Australian RDI values for AA by life stage and gender 
 
  RDI (mg/day) 
Life stage Age (year) Male Female 
Infants 0-0.5 25 
0.6-1 30 
Children  1-8 35 
Adoslescents 9-18 40 
Adults >19 45 
Pregnancy 14-18 n/a 55 
19-50 n/a 60 
Lactation 14-18 n/a 80 
19-50 n/a 85 
 
Notes 1 n/a indicates not applicable. 
 2 Source: Adapted from NHMRC (2006). 
 
There are currently no upper limits set for Australia for supplementary intakes of AA 
(NHMRC, 2006). However, according to the United States Institute of Medicine of the 
National Academies, the tolerable upper intake level of AA varies for different life stage 
groups (Otten et al., 2006). It has been suggested that intakes of AA should be no more 
than 400 mg/day (for ages between 1 to 3 years old), 650 mg/day (for ages between 4 to 
8 years old), 1200 mg/day (between 9 to 13 years), 1800 mg/day (14 to 18 years) and 
2000 mg/day (for those over 19). High doses of AA can cause adverse effects, including 
those influencing the gastrointestinal tract, metabolic acidosis, changes in prothrombin 
activity and ‘conditioned need’ scurvy (low ingestion in pregnancy conditioning the 
need for higher amounts in infants). None-the-less it is recognised that generally AA is 
not associated with significant adverse effects and is remarkably non-toxic (NHMRC, 
2006; Otten et al., 2006).  
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2.8 Ascorbic acid stability 
 
AA is highly susceptible to oxidation, especially in the presence of metal ions. The rate 
of oxidation is also increased by the exposure to heat and light. Moreover, other factors, 
including pH, oxygen concentration, water activity (Aw), package permeability and 
package configuration influence the rate of the oxidation reactions. Chemical 
degradation primarily involves oxidation to DHAA, followed by hydrolysis to 2, 3 
diketogulonic acid. Further oxidation, dehydration and polymerisation reactions then 
form a wide array of other molecules and it is significant that 2, 3 Diketogulonic acid 
and all further breakdown products are nutritionally inactive. The reactions are favoured 
by alkaline conditions, DHAA is most stable at pH 2.5-5.5 and the rate of DHAA 
hydrolysis increases as temperature increases regardless of whether oxygen is present or 
absent (Gregory, 2008). 
 
Anaerobic degradation of AA is significant in canned products, following depletion of 
residual oxygen. In these types of products, AA breaks down through anaerobic 
pathways, occurring very slowly and exhibiting a maximum rate at pH 3-4. The 
degradation in the mildly acidic range may reflect the effects of pH on the opening of 
the lactone ring and on the concentration of the monoanionic ascorbate species. 
Anaerobic degradation involves direct cleavage of the 1, 4-lactone bridge without prior 
oxidation to DHAA. In addition, the rate of trace metal catalysis of anaerobic 
degradation increases as the copper concentration increases. Moreover, in many types of 
food packages where residual oxygen is present, degradation of AA will occur by both 
oxidative and anaerobic pathways. It is significant that the rate constant of AA 
degradation for oxidative reaction is two or three orders of magnitude more than for 
anaerobic reactions (Gregory, 2008).  
 
The loss of AA is also influenced by the presence of riboflavin. In milk, such losses 
increased as the riboflavin content was increased under storage in light. The destruction 
of AA was complete after as little as 12 minutes of light exposure when 6 ppm 
riboflavin was incorporated, whereas only 2% was destroyed in the sample to which no 
riboflavin had been added. It was also observed that as the solution pH decreased from 
7.5 to 4.5, the rate of AA degradation also decreased. The ascorbate ion was more 
reactive towards oxidation than was its protonated form (Min & Boff, 2002). 
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DHAA is thought to be involved in the browning of citrus juices and some dehydrated 
foods. It has been postulated that a Strecker degradation between DHAA and an amino 
acid initiates this browning reaction, although it has been reported that DHAA can form 
brown products in the absence of amino compounds. In the Strecker degradation, the 
initial product is a Schiff base that decarboxylates and then undergoes a hydride shift to 
give a second Schiff base or substituted imine intermediate. The substituted imine 
hydrolyses to release an aldehyde and scorbamic acid. The amino-reductone,  
L-scorbamic acid is presumed to be an important intermediate in the browning reaction 
of DHAA and in the formation of an assortment of coloured compounds. Scorbamic 
acid reacts with a molecule of DHAA yielding a red pigment (Liao & Seib, 1988). 
 
During browning the process proceeds slowly when AA only is present, but once 
DHAA forms, browning accelerates (Sawamura, Takemoto, & Li, 1991). These workers 
identified 2 degraded compounds from DHAA, which were 3,4-dihydroxy-5 methyl-2-
5(H)-furanone as a browning pigment and 2-furancarboxylic acid as colourless product 
(Sawamura, Takemoto, Matsuzaki, Ukeda, & Kusunose, 1994). Addition of amino acids 
to DHAA solution accelerated increases in the browning due to the Maillard reaction as 
well as DHAA degradation. L-aspartic acid, glycine and L-Lysine were found to 
increase browning and among the amino acids, sulphur-containing amino acids at 10 
mM were found to cause the largest increase in the rate of browning (Sawamura, 
Nakagawa, Katsuno, Hamaguchi, & Ukeda, 2000). 
 
2.9 Fortification with ascorbic acid 
 
Foods are generally good sources of nutrients, including carbohydrates, proteins, fats, 
vitamins and minerals, providing the energy required by the body for movement, heat 
generation and various other bodily functions needed for health. However, the contents 
and distribution of specific nutrients in foods varies widely, and so a balanced diet is 
essential to good nutrition and wellbeing (Barrera, Betoret, Corell, & Fito, 2009; Davey, 
Bergh, Markham, Swennen, & Keulemas, 2009; Van Horn, 2009). Reports from the 
World Health Organisation indicate that micronutrient deficiencies remain a problem 
for a high proportion of the world’s population (Clarke, Carter, & Borlase, 2006; 
Gibson, 2006; Hughes, 2006; World Health Organization for the Western Pacific 
Region, 2005, 2009). Generally, malnutrition resulting from inadequate consumption, 
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poor absorption or the excessive loss of nutrients has been associated with extreme 
poverty in economically developing countries. However, nowadays, the tendency 
towards poor eating habits (diets high in fat and sugar and low in essential nutrients) 
and insufficient exercise has also brought significant problems to economically 
developed countries (Barrera et al., 2009; Bauernfeind & Lanchance, 1991; Brin, 1991; 
Davey et al., 2009; Van Horn, 2009). 
 
Fortification is one of the public health strategies for maintaining or enhancing the 
nutritional qualities of the food supply, depending on local situations, nutrient needs and 
food composition patterns. The Food and Drug Administration (USA) has enunciated 
several principles of fortification in food (Bauernfeind & Lanchance, 1991): 
 The nutrient addition in food must conform with current food 
standards/regulations; 
 The fortification should replace nutrients to a level representative of those in the 
food prior to storage, handling and processing; 
 It also should avoid nutritional inferiority in a food that replaces a traditional food 
in the diet; and 
 Finally, it is also used to balance the vitamin, mineral and protein content of a 
food in proportion to its caloric content. 
 
In Australia, recently, folic acid and iodine have received extensive attention for 
mandatory fortification from Food Standards Australia and New Zealand (FSANZ) 
which has the responsibility for developing regulations in these two countries. The 
objective of fortification with these nutrients has been to protect the developing fetus in 
pregnant woman against neural tube defects and to reduce the incidence of iodine 
deficiencies especially in children, respectively. The application of these recently 
introduced standards is focused on bread related products since these are widely 
consumed in the Australian population. The standards now require the food industry to 
fortify folic acid in breadmaking wheat flour and also to replace non-iodised salt with 
iodised salt in bread formulations. These new regulations are expected to increase the 
folic acid and iodine intakes and thereby reduce the risks of nutrient deficiencies in the 
Australian population generally (Food Standards Australia and New Zealand [FSANZ], 
2009). 
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AA is quite widely used in food fortification. However, it is commonly used in 
conjunction with other nutrients to enhance or maintain their function in food. There has 
been extensive research on AA application in food products. AA has been used in 
various juice products to slow browning reactions by acting as an oxygen scavenger and 
to enhance nutritional properties (González-Molina, Moreno, & García-Viguera, 2009; 
Kennedy, Rivera, Lloyd, Warner, & Jumel, 1992; Lin, Yong, & Fei, 2007; Ozkan, 
2002). The fortification of AA, thiourea and ammonium chloride in reconstituted skim 
milk increased the survival of freeze-dried cells of Streptococcus lactis C-2 (Sinha, 
Dudani, & Ranganathan, 1974). In further studies, yoghurt was fortified with AA to 
increase its nutritive value since milk and milk products only supply about 10-15% of 
the daily requirements of vitamin C. More recently it was also shown that the addition 
of AA favours the viability of probiotic bacteria including L. delbrueckii ssp. Bulgaricus 
and L. acidophilus in yoghurt (Dave & Shah, 1997). 
 
The synergistic effect of AA and α-tocopherol inhibit hydro-peroxide decomposition in 
foods containing lipids and this may preserve food quality by reducing rancidity caused 
by aldehyde formation. AA regenerates α-tocopherol, inactivates metal initiators and 
reduce hydro-peroxides (Frankel, 1996; Johnson & William, 1991). In another study, an 
infant food product was fortified with AA and various other nutrients. It was shown that 
AA has a beneficial effect on iron dialysability as well as maintaining the solubility of 
non-heme iron when food enters the alkaline environment of the small intestine. This 
has the effect of reducing the influence of the inhibitory ligands that bind iron in the 
more alkaline pH of the duodenum (Martinez, Rincon, & Ibanez, 2004). In the 
fortification of wheat flour, AA may play a significant role as the most potent enhancer 
of iron absorption thereby increasing the bioavailability of iron fortification compounds 
(Nayak & Nair, 2003). Typically milk and other dairy products contain only very small 
amounts of AA, with approximately 1 µg per 100 mL of milk. Studies have shown that 
encapsulated AA can be successfully added to milk, at around 100 or 250 mg/L, and 
this contributes to enhanced iron absorption when these products have also been 
fortified with iron (Givens & Kliem, 2009). 
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2.10 Summary of current knowledge  
 
Based on the literature review discussed in this chapter, it is known that vitamins are 
vital to life, promoting growth, reproduction as well as the maintenance of health and 
life. AA, a water soluble vitamin, plays a range of important roles in bodily function and 
supporting optimal health and life. However, AA is relatively unstable during storage 
and processing with its stability in foods depending on pH of the food, heat, light, air, 
oxygen and its interaction with other food components. As a result of the significance 
for health and the relative instability, AA is quite widely used in food fortification and 
this includes its use in conjunction with other nutrients in order to enhance or maintain 
their function in food or absorption within the human digestive system. 
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Chapter 3 
 
Literature review 
 
This chapter provides background and review of techniques used in the current study. 
Firstly previous scientific research on microencapsulation technology is described in the 
context of strategies having potential to enhance vitamin retention. Emphasis is placed 
upon spray drying as a procedure for microencapsulation, along with methods for 
analysis and characterisation of the resultant capsules. These include capillary 
electrophoresis (CE) as well as environmental scanning electron microscopy (ESEM) 
which was used to evaluate the microstructure of microcapsules. 
 
3.1 Microencapsulation and its significance 
 
Microencapsulation is the envelopment of small particles in a coating, or embedded in a 
homogenous or heterogenous matrix. The processes of microencapsulation provides 
small capsules with many useful properties, particularly including the ability to release 
the contents at controlled rates or under the influence of specific conditions. Another 
description is that of a process by which active ingredients (core materials) including 
micronutrients, oils and flavours are packaged within a secondary (wall) material 
(Jafari, Assadpoor, He, & Bhandari, 2008b; Madene, Jacquot, Scher, & Desobry, 2006). 
The coated or entrapped material is usually a liquid but can be a solid or a gas. This 
material is known as the core material, actives, fill, internal phase or payload. 
Meanwhile the coating material is referred to as the capsule, wall material, membrane, 
carrier or shell (Gibbs, Kermasha, Alli, & Mulligan, 1999). Microcapsules have 
diameters varying from a few microns to 1 mm, may contain 10-90% by weight of core 
material and can have many different morphologies. One of the common possibilities is 
a spherical capsule with a continuous core region surrounded by a continuous shell 
(Figure 3.1). Others have irregular geometry and may contain a number of small 
droplets or particles of core materials (Desai & Park, 2005; Madene et al., 2006; Thies, 
1996).  
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Figure 3.1 Schematic diagram of two representative types of microcapsules 
(Desai & Park, 2005)
 
There are many techniques that may be used to microencapsulate food ingredients. 
Selection of the method depends on the required properties of the core and the nature of 
the wall materials, the type of release mechanism desired, as well as the capsule 
morphology and particle size appropriate to the application (Anal & Singh, 2007; 
Augustin, Sanguansri, Margetts, & Young, 2001). The available technologies for 
microencapsulation are divided into two categories. The first uses a liquid as suspending 
medium (e.g. complex coacervation, interfacial and in situ polymerisation or solvent 
evaporation from emulsions), while the second uses a gas as a suspending medium into 
which a liquid phase is sprayed (e.g. spray drying, spray cooling, fluidised bed coating, 
and coextrusion) (Schrooyen, Van der Meer, & De Kruif, 2001). A summary of the 
many reports of various microencapsulation techniques for food applications, including 
the major steps involved, is presented in Table 3.1. 
 
During the decade of the 1930s, the concept of microencapsulation was firstly applied 
for carbonless copy paper using complex coacervation (Thies, 1996). Since then many 
other applications have been developed and some of the better known now include 
pharmaceuticals, pesticides and scented strips (Schrooyen et al., 2001). However, for a 
long time microencapsulation was not considered for food applications and it has only 
been relatively recently that there has been rapid growth in interest in this area. Some of 
the established applications are to mask the unpleasant taste of certain ingredients and 
also to simply convert liquids to dry solids, in the form of free flowing powders to 
enhance handling properties (Gouin, 2004; Re, 1998; Vilstrup, 2001).  
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Table 3.1 A summary of commonly used microencapsulation techniques and the 
major processes involved in each 
 
No Microencapsulation 
technique 
Major steps in encapsulation 
1 Spray drying  Preparation of the dispersion 
 Homogenisation of the dispersion 
 Atomisation of the infeed dispersion 
 Dehydration of the atomised particles 
2 Spray cooling  Preparation of the dispersion 
 Homogenisation of the dispersion 
 Atomisation of the infeed dispersion 
3 Spray chilling  Preparation of the dispersion 
 Homogenisation of the dispersion 
 Atomisation of the infeed dispersion 
4 Fluidised bed coating  Preparation of the coating solution 
 Fluidisation of core particles 
 Coating of core particles 
5 Extrusion  Preparation of molten coating solution 
 Dispersion of core into molten polymer 
 Cooling of core coat mixture through dehydrating 
liquid 
6 Coacervation  Formation of a three immiscible chemical phases 
 Deposition of the coating 
 Solidification of the coating 
7 Lyophilisation  Mixing of core in coating solution 
 Freeze drying of the mixture 
8 Cocrystallisation  Preparation of supersaturated sucrose solution 
 Adding of core into supersaturated solution 
 Emission of substantial heat after solution reaches the 
sucrose crystallisation temperature 
9 Liposome entrapment  Microfluidisation 
 Ultrasonification 
 Reverse-phase evaporation 
10 Inclusion complexation Preparation of complexes by mixing or grinding or spray 
drying 
 
Note Source: Adapted from reference Desai and  Park (2005). 
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Microcapsules have the potential to be very widely used in food industry applications 
and some of these have recently been outlined by Desai and Park (2005): 
1. Microencapsulation can protect sensitive core ingredients from the environmental 
factors, including oxygen, water and light; undesirable interactions with other 
ingredients; 
2. Other roles are to control diffusion or to isolate or control the release of an 
encapsulated ingredient at the right place and the right time; 
3. The physical characteristics of the original material can be modified and made 
easier to handle; 
4. Evaporation or transfer rate of the core material to the outside environment is 
decreased or retarded; 
5. The core material can be diluted when only very small amounts are required and 
still achieve a uniform dispersion in the host material; and 
6. It can also be employed to separate components within a mixture that would 
otherwise react with one another. 
 
Currently there is a large research effort underway to find sophisticated shell materials 
and technologies for microencapsulation in order to achieve a variety of functionalities. 
Controlled release of the ingredients can enhance the effectiveness of food additives, 
broaden the application range of food ingredients and ensure optimal dose. Release of 
encapsulated ingredients can be triggered by various means, including pH change, 
mechanical stress, temperature, enzymatic activity, time and osmotic force. However, 
cost considerations are also important in the use of encapsulated materials in food 
production (Gouin, 2004).  
 
The composition of the coating material is the primary determinant of functional 
properties of the microcapsule and of how it may be used to control the performance of 
a particular ingredient. An ideal coating should exhibit good rheological properties at 
high concentrations and be easy to handle during the encapsulation process. In addition, 
it should have an ability to disperse or emulsify the active material and provide stability 
to the resultant matrix. Encapsulating agents should not react with the material to be 
encapsulated either during processing or on prolonged storage, whilst being soluble in 
solvents acceptable in the food industry: most commonly these are water and ethanol. In 
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addition, the wall materials are required to seal the active material within the structure 
during processing and storage; completely release the solvent or other materials used 
during process of encapsulation under drying or other conditions used to remove the 
solvent; whilst providing maximum protection to the active material against 
environmental conditions (Desai & Park, 2005).  
 
However, there are no individual coating materials that can meet all of these criteria. 
Therefore, in practice coating materials are employed in combinations and often also in 
conjunction with other modifiers which may include oxygen scavengers, antioxidants, 
chelating agents or surfactants. Some commonly used biocompatible and food grade 
encapsulating agents are listed in Table 3.2.  
 
Table 3.2 Coating materials typically used for microencapsulation of food 
components 
 
Category Coating materials Widely used methods 
Carbohydrate Starch, maltodextrins, chitosan, corn 
syrup solids, dextran, modified starch, 
cyclodextrins 
Spray and freeze drying, extrusion, 
coacervation, inclusion complexation 
Cellulose Carboxymethyl cellulose, methyl 
cellulose, ethyl cellulose, cellulose 
acetate-phthalate, cellulose acetate-
butylate-phthalate 
Coacervation, spray drying and 
edible films 
Gum Gum Arabic (GA), agar, sodium alginate, 
carageenan 
Spray drying, syringe method (gel 
beads) 
Lipids Wax, paraffin, beeswax, diacylglycerol, 
oils, fats 
Emulsion, liposomes, film formation 
Protein Gluten, casein, gelatine, albumin, 
peptides 
Emulsion, spray drying 
 
 
In summary, there are a variety of microencapsulation techniques available with 
potential application to food ingredients. This means that many options may be 
applicable when particular problems are to be solved: careful consideration needs to be 
given to the selection of a suitable approach that fulfils the specific requirements of the 
specific application being developed. In this context, many of the techniques and the 
available information on encapsulating agents have been based upon the 
Note Source: Adapted from reference Desai and Park (2005). 
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microencapsulation of relatively hydrophobic components. The scientific literature has 
fewer references on the effective protection of water soluble materials; however it does 
appear that spray drying presents the approach having potential for these. It is a 
relatively simple method, using well developed technology which is also readily 
available commercially in the food industry. Accordingly, further details about spray 
drying will now be presented. 
 
3.2 Spray drying 
 
Spray drying is the transformation of a feed liquid from a fluid state (solution, 
dispersion or paste) into a dried particulate form by spraying the prepared fluid into a 
hot drying medium. Spray drying techniques has been widely used for drying heat 
sensitive foods, pharmaceuticals as well as other substances, because of the rapid 
evaporation of the solvent from the droplets (Re, 1998). Water is the preferred solvent 
for most spray drying applications, reflecting its low cost as well as safety. The shell 
materials typically selected are water soluble polymers including GA, modified 
starches, maltodextrins and hydrolysed gelatins. In addition, the microcapsules 
produced by spray drying tend to have irregular geometry and may be aggregates of a 
small number of particles. Each microcapsule has a number of small droplets of core 
materials dispersed throughout the structure (Thies, 1996). A comprehensive review of 
spray drying and its food applications is provided in Table 3.3. 
 
One particular application of spray drying in the food industry has been to provide 
flavour oils with some protection against degradation/oxidation while simultaneously 
converting the liquid to a powder (Desai & Park, 2005; Gibbs et al., 1999; Gouin, 
2004). For flavour and oil encapsulation by spray drying, wall materials should 
particularly exhibit high solubility along with a range of other properties. The latter 
include: an ability to form an emulsion as well as a film, low hygroscopicity, low cost, 
bland in taste, low viscosity in a concentrated solution, flavour release when ultimately 
incorporated into a food product and affording good protection to the encapsulated 
flavour and oils (Jafari et al., 2008b; Madene et al., 2006).  
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Table 3.3 Applications of spray drying as a microencapsulation technique for various active ingredients 
 
Core materials Wall materials References 
Flavouring agents 
(Volatile esters: ethyl butyrate and 
ethyl caprylate), l-menthol, sumac 
flavour, essential oils of oregano, 
aroma extracts of citronella, sweet 
marjoram, and oleoresins of cumin, 
black pepper and cardamom,. 
Whey protein isolate, lactose, GA, soybean soluble 
polysaccharide, maltodextrin, modified starches (for 
example Hi CAP™100 and CAPSUL®) 
(Baranauskiene, Venskutonis, Dewettinck, & Verhe, 2006; Bayram, Bayram, & 
Tekin, 2005; Kanakdande, Bhosale, & Singhal, 2007; Krishnan, Kshirsagar, & 
Singhal, 2005; Rosenberg, Kopelman, & Talmon, 1990; Rosenberg & Sheu, 1996; 
Shaikh, Bhosale, & Singhal, 2006; Soottitantawat et al., 2005; Yoshii et al., 2001) 
Fat and oils 
(Anhydrous milk fat, vegetable oil, 
soybean oil, fish oil, orange peel oil, 
palm based oil and cardamom essential 
oil) 
Whey protein isolate/concentrate, lactose, 
maltodextrin, corn solids syrup, starches (modified 
starches (National®46, Encapsul®855, and Hi CAP 
100), and maize starch) GA, sugar beet pectin, 
mesquite gum, sodium caseinate, lactose 
(Beristain, Azuara, & Vernon-Carter, 2002; Beristain, Garcia, & Vernon-Carter, 
2001; Dian, Sudin, & Yusoff, 1996; Drusch, 2007; Faldt & Bergenstahl, 1996; 
Fuchs et al., 2006; Hogan, McNamee, O'Riordan, & O'Sullivan, 2001; Jafari, 
Assadpoor, Bhandari, & He, 2008a; Young, Sarda, & Rosenberg, 1993a, 1993b) 
Vitamins and minerals 
(β-carotene, AA, vitamin D and 
calcium salts) 
Starches (Native tapioca starch, modified tapioca 
starch and rice starch), maltodextrin, gelatine, ethyl 
cellulose, β-cyclodextrin, GA, pea and cowpea 
protein isolate, sucrose, cellulose derivatives (sodium 
carboxymethylcellulose and 
hydroxypropylmethylcellulose), methacrylic 
polymers (Eudragits®) 
(Grabowski, Truong, & Daubert, 2008; Indyk, Littlejohn, & Woollard, 1996; 
Loksuwan, 2007; Oneda & Re, 2003; Pereira et al., 2009; Trindade & Grosso, 
2000; Uddin, Hawlader, & Zhu, 2001; Xu, Yao, Han, & Shao, 2007) 
Microorganisms and enzymes 
(Bifidobacteria, transglutaminase, 
fermentation bacteria (Beijerinckia sp), 
Yorrowia lipolytica lipase, probiotic 
cultures (Lactobacillus rhamnosus and 
Lactobacillus paracasei) 
Gelatin, GA, soluble starch, mesquite gum, 
maltodextrin, reduced glutathione, sucrose, mannose, 
trehalose, malt-dextrin, and skim milk powder, -
carageenan, calcium alginate, cellulose acetate 
phthalate 
(Alloue, Destain, Amighi, & Thonart, 2007; Augustin, 2003; Boza, Barbin, & 
Scamparini, 2004; Cui, Zhang, Huang, Liu, Du, & Chen, 2006; Kearney et al., 
2009; Liao & Seib, 1988; Rodriguez-Huezo, et al., 2007; Sunny-Roberts & Knorr, 
2009) 
Sweeteners 
(sucrose, lactose, aspartame) 
Hydrolysed whey protein isolate, sodium caseinate, 
hydroxypropyl methyl cellulose, maltodextrin, 
gelatin 
(Adhikari, Howes, Bhandari, & Langrish, 2009; Haque & Roos, 2006; Patel & 
Chen, 2008; Pothakamury & Barbosa-canovas, 1995; Truong, Bhandari, & 
Howes, 2005) 
Colorants 
(Lycopene, betacyanin, anthocyanin) 
Gelatin, sucrose, dried glucose syrup, maltodextrin, 
starches (maize starch and modified starch 
(phosphorylated waxy maize starch) 
(Cai & Corke, 2000; Ersus & Yurdagel, 2007; Obon, Castellar, Alacid, & 
Fernandez-lopez, 2009; Shu, Yu, Zhao, & Liu, 2006; Tonon, Brabet, & Hubinger, 
2008) 
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3.3 The process of spray drying 
 
Spray drying (Figure 3.2) is a continuous processing operation, which involves a 
combination of several stages, including atomisation, mixing of spray and air, 
evaporation and product separation. The first step in encapsulation by spray drying is to 
emulsify, disperse or dissolve the core material in a relatively concentrated solution  
(40-60% of solids by weight) of shell material. The resulting feed liquid is introduced as 
droplets into the heated chamber of the spray drier and this atomisation stage may 
involve spraying or spinning off a rotating disk (Gharsallaoui, Roudaut, Chambin, 
Voilley, & Saurel, 2007; Madene et al., 2006; Re, 1998; Thies, 1996). 
 
 
 
Figure 3.2 The process stages of spray drying (Weston & Brown, 1997) 
 
During the next stage the atomised particles are mixed with hot air flowing in either a 
concurrent or counter-current direction. This contact results in rapid dehydration by 
evaporation of the water within the heated chamber. Once the particles are sufficiently 
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dry, the final shape is set and the resultant microcapsules typically have diameters of 
between 10 and 300 µm. The product is then collected from the outlet of the spray 
drying chamber which is typically located at the base of the instrument (Gharsallaoui et 
al., 2007; Madene et al., 2006; Re, 1998; Thies, 1996). 
 
The formation of a spray and its contact with air are the basic characteristics of spray 
drying: the specific selection of and operation of the atomiser is of critical importance in 
achieving economic production of high quality products. The two broad types of 
components used to form the spray are rotary atomisers and nozzles. The atomisation 
stage must create a spray in order to achieve optimal evaporative conditions leading to a 
dried product having the required characteristics (Masters, 1985). 
 
Rotary atomisers utilise centrifugal energy and form a low pressure system in which the 
feed liquid is introduced centrally to either a wheel or disc rotating at high speed. On 
leaving the periphery of the atomiser, the feed readily disintegrates into a spray of 
droplets. A wide variety of spray characteristics can be obtained for a given product 
through combinations of feed rate, atomiser speed and atomiser design. Rotary 
atomisers are used in spray drying to produce particles of mean size 30-120 µm. These 
atomisers are reliable, easy to operate and are able to accommodate abrasive feed stocks 
as well as high and fluctuating feed rates, without the need for atomiser duplication 
(Masters, 1985).  
 
In nozzle systems, pressure is used to introduce the feed concentrate to a fine orifice. 
The pressure is converted to kinetic energy as the feed is changed into a film travelling 
at high speed and this readily disintegrates into a spray as it is unstable. The feed rotates 
within the nozzle, resulting in the spray having a cone-shaped pattern as it emerges from 
the nozzle orifice. This type of atomiser is used to produce a relatively coarse product of 
mean size 150-300 µm. A further variation is the two-fluid nozzle in which the feed 
concentrate and atomising gas are transferred to the nozzle head separately. This result 
in the generation of high air velocities within the nozzle so there is more effective 
contact to break the feed into fine droplets. Two-fluid nozzles have the advantage of 
handling highly viscous feeds producing sprays of medium coarseness, but of low 
homogeneity (Masters, 1985). 
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The atomisation technique chosen, along with the feed properties, have a bearing on 
particle size distribution, bulk density, appearance and moisture content of the product. 
Contact between the spray and the air impact upon the resulting evaporation thereby 
determining bulk density, appearance, moisture content, friability and retention of 
activity, aroma as well as flavour. The technique used for product-air separation will 
determine the degree of comminution that the powder undergoes following completion 
of drying. Many factors associated with atomisation and the drying operation offer 
means of altering the characteristics of the dried products. These include the operational 
variables of the energy available for atomisation, feed properties, flow rate, selection 
and design of atomiser equipment, air flow and drying temperatures (inlet and outlet 
temperatures) (Masters, 1985). 
 
3.4 Advantages and limitations of spray drying 
 
The technique of encapsulation by spray drying is reported to offer a variety of 
advantages. In particular, it is a well established technology that is inexpensive, quite 
straightforward to operate and able to produce large amounts of capsules. Many of the 
potential shell materials preferred for spray drying are safe to consume and already 
approved for food use. Furthermore, in relation to release properties, most of the 
encapsulating agents used for spray drying are water soluble and not chemically cross 
linked, facilitating subsequent disintegration. Hence the core material can be released 
readily without leaving any capsule shell debris (Desai & Park, 2005; Gouin, 2004; 
Madene et al., 2006; Thies, 1996). 
 
Despite these significant advantages, encapsulation by spray drying also appears to have 
some limitations. These will occur when water is chosen as solvent, since only shell 
materials soluble or dispersible in water can be used. Moreover, there is a limited range 
of water soluble shell materials available, since many of the options that might be 
considered form solutions that are too viscous and thick to be conveniently spray dried. 
Another reported problem with spray dried capsules is the presence of the active agent 
on or close to the surface of the particles where little protection is afforded against the 
external environmental conditions. Additionally, the capsules resulting from spray 
drying are typically a very fine powder which may require further treatment or 
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processing while providing limited protection to heat sensitive materials (Desai & Park, 
2005; Gouin, 2004; Madene et al., 2006; Thies, 1996).  
 
Although there are some limits to the range of coating materials available for spray 
drying, advances in food ingredient technologies have recently offered novel 
encapsulating agents for spray drying. Some of these hydrocolloid agents with potential 
application will be now be described in more detail.  
 
3.5 Background on potential agents for microencapsulation of food ingredients 
 
There have been relatively few publications describing the microencapsulation of water 
soluble materials and much of the relevant research to date has been focussed upon 
hydrophobic components particularly flavourings. More specifically there are a very 
limited number of references to ways of encapsulating AA and the primary study on this 
was reported by Uddin et al. (2001). These workers found that various ingredients and 
approaches can be used to encapsulate AA. Among the wall materials used were starch 
and GA and the characteristics of these will be now be reviewed briefly. 
 
3.5.1 Starch 
 
At a molecular level, starch is a member of the polysaccharide group of polymers. 
However, it occurs naturally in plant tissues as well as food ingredients in the form of 
discrete packages known as granules. These are insoluble, compact and microscopic 
semi-crystalline assemblies consisting almost entirely of starch and having typical 
diameters in the range of 1-100 µm. When starch is digested by hydrolysis which 
ultimately yields its constituent glucose molecules in the free form and trapped energy 
is released when these are converted to carbon dioxide and water. The glucose polymers 
that make up starch come in two molecular forms, having linear (amylose) or branched 
(amylopectin) structures. The most important commercial sources of starch are maize, 
potato, wheat, tapioca and rice (Murphy, 2000). 
 
Amylose is considered to be essentially a linear polymer composed almost entirely of  
α-1,4-linked D-glucopyranose. Amylose complexation with fats and food emulsifiers 
such as mono and diglycerides can shift starch gelatinisation temperatures, alter textural 
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and viscosity profiles of the resultant paste and limit retrogradation. Amylose has high 
tendency to retrograde and produce tough gels and strong films. Amylopectin, the 
predominant molecule in most normal starches is a branched polymer that is much 
larger than amylose. As well as having α-1,4 linkages, there are α-1,6-linked branch 
points. The resultant highly branched nature of amylopectin bestows properties different 
from those of amylose; retrogradation is slower and gel formation can either be delayed 
or prevented. Pastes from starches that contain essentially only amylopectin (waxy 
starches) are considered non-gelling but typically these have cohesive and gummy 
structure. The ratio of amylose to amylopectin is a very important aspect with respect to 
starch functionality in foods. The amylose and amylopectin content and structure affect 
the architecture of the starch granule, gelatinisation and pasting profiles as well as 
textual attributes (Jane, 2009; Thomas & Atwell, 1999). 
 
Each of the native starches from the various plant sources has their own unique 
properties. However, unprocessed native starches are often regarded as structurally too 
weak and functionally too restricted for application in the food industry. The diversity 
of the modern food industry and the enormous variety of food products require that 
starch be able to tolerate a wide range of processing techniques as well as distribution, 
storage and final preparation conditions. Therefore processing of native starches is often 
applied in order to engender a broader range of functionality and the modification can 
be chemical, biochemical or physical (Biliaderis, 2009; Colonna, Buleon, & Mercier, 
1987; Murphy, 2000; Thomas & Atwell, 1999). Table 3.4 provides details on the types 
of modification used, their effects on native starches (the objective) and the 
functionality developed (the benefit). 
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Table 3.4 Approaches used for the modification of native starches 
 
Modification Objective Benefit 
Cross-linking Strengthen starch granules 
 
Improved process tolerance to heat, 
acid, and shear 
Delay viscosity development by 
retarding swelling of granules 
Production efficiency; increased heat 
penetration allowing shorter process 
time 
Stabilisation Prevent shrinkage of starch 
granule and provide stability at 
low temperatures 
Excellent chill and freeze/thaw 
stability to extend shelf life 
Lower gelatinisation temperature Easy to cook in high solids systems 
Dextrinisation Break down and rearrange starch 
molecules providing lower 
viscosity 
Easier handling or application at 
higher dosage than parent native 
starch for desired effect 
Increased solubility and a range 
of viscosity stability from liquid 
to gel 
Create film forming properties 
Enzyme conversion 
(Biochemical 
modification) 
Acid thinning 
Produce varied viscosity, gel 
strength, with thermo 
reversibility and sweetness 
Contributes textural characteristics 
Economic dispersant 
Lower viscosity and increase gel 
strength 
Enhances textural properties at 
higher usage concentrations of starch 
Oxidation Introduction of carbonyl and 
carboxyl groups which increases 
clarity and reduces 
retrogradation of cooked starch 
pastes 
Enhanced adhesion of coatings 
Provide lower viscosity and low 
temperature stability 
Creates soft stable gels at higher 
dosage than parent native starch 
Lipophilic substitution Introduction of lipophilic groups Emulsion stabiliser which improves 
quality of any fat/oil-containing 
product 
Reduces rancidity by preventing 
oxidation 
Pregelatinisation Pre-cooking of starch to give 
thickening properties in cold 
water 
Cold water thickening eliminates 
need to cook, offers convenience and 
energy savings 
Thermal treatment Strengthening of starch granules Unique functional native starch with 
‘starch’ on label declaration 
Delay viscosity development by 
retarding granule swelling 
Improved process tolerance to heat, 
acid and shear 
Production efficiency; increased heat 
penetration allowing shorter process 
time 
 
Note Source: Adapted from reference Murphy (2000). 
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3.5.2 Resistant starches 
 
The term resistant starch (RS) has been used over recent times following the 
identification of starch components that are resistant to digestion in the stomach and 
small intestine of the human digestive tract. RS has been shown to play a significant and 
beneficial role nutritionally with positive implications for health and wellbeing. It is 
now regarded as a dietary fibre component and source, offering advantages over 
cellulosic sources of fibre including bran from wheat and other cereal grains. RS 
provides water holding capacity thereby aiding processing; it enhances the organoleptic 
qualities of food as a source of fibre and from a regulatory perspective can be labeled 
‘dietary fibre’ (Murphy, 2000; Thomas & Atwell, 1999). The primary difference 
between digestible starch and RS is the accessibility of the starch to digestive processes 
and subsequently the ease with which the glycosidic bonds contained within the starch 
molecules can be severed (Thomas & Atwell, 1999).  
 
RS which is not digested by pancreatic amylases in the small intestine reaches the colon 
and provides benefits, including enhancing the growth of favourable (“friendly”) 
bacteria. Fermentation of RS by anaerobic bacteria produces acetic, propionic and 
butanoic acids which are known to be the preferred respiratory fuel of cells lining the 
colon. Production of short chain fatty acids is accompanied by a decrease in pH within 
the lumen, increased colonic blood flow and aiding in the prevention of colon cancer 
(Mason, 2009; Thomas & Atwell, 1999). RS can be used to ensure the viability of 
probiotic populations and also offers a suitable surface for adherence of the probiotics to 
the starch granule during processing, storage and transit through the upper 
gastrointestinal tract, providing resilience to environmental stresses. Bacterial adhesion 
to starch may also provide advantages in new technologies to enhance delivery of viable 
and metabolically active probiotics to the intestinal tract. For instance, RS improved the 
survival of viable bacteria compared with bacteria encapsulated without this starch 
(Anal & Singh, 2007). In addition, RS in the form of high amylose maize starch can 
also to provide prebiotic sources for the growth of probiotic bacteria, including the 
lactic acid bacteria (Topping, 2007). 
 
Four distinct types of RS have been identified. RS I is described as physically 
inaccessible starch; it is protected by cell walls or other barriers to the actions of 
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digestive enzymes as well as the acidic conditions of the digestive tract; this form is 
found in grain, seeds and legumes. It is not regarded as being suitable for use as a 
functional food ingredient since processing can render it accessible. RS II is a granular 
starch which, in an uncooked state, is naturally resistant to enzymatic attack. It is found 
in green bananas, potatoes and starches that are very high in amylose. RS III is 
indigestible starch that forms following heat and moisture treatment; this may be present 
in foods including cooked potatoes, corn flakes and canned peas which contain some 
retrograded starch components that are resistant to hydrolysis. Finally RS IV is 
produced through thermal or chemical modification, which may occur by a process 
described as repolymerisation resulting in alterations to the glycosidic linkages 
(Murphy, 2000; Thomas & Atwell, 1999). 
 
3.5.3 Maltodextrins 
 
The term maltodextrin is used to refer to a group of food ingredients formed by partially 
hydrolysing granular starch preparations using either acid or enzymes. The starches 
used for this are typically in the form of cornflour which may be derived from wheat or 
corn (maize). The degree of hydrolysis of the starch can be varied widely to provide 
maltodextrins having a range of functional properties and hence a diversity of food 
applications. The degree of hydrolysis is measured and expressed as dextrose equivalent 
values (DE) (Madene et al., 2006). 
 
Maltodextrins manifest the ability to form matrices that may contribute in forming wall 
systems during microencapsulation. They provide a desirable compromise between cost 
and effectiveness, as they are bland in flavour, with low viscosity at high solids ratios 
and are available with a range of DE values. The microcapsules made of maltodextrin as 
wall materials also generally show free flowing characteristics due to the non-
hygroscopic features of this hydrocolloid agent. Among their major shortcomings are 
reported to be a virtual lack of emulsifying and stabilising capacity as well as low 
retention of volatile compounds (Madene et al., 2006). On the other hand, maltodextrins 
have been shown to provide good oxidative stability to encapsulated oil (Gharsallaoui et 
al., 2007; Gibbs et al., 1999). 
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3.5.4 Gum Arabic 
 
GA is the dried exudate obtained from the stems and branches of Acacia senegal (L.) 
Willdenow and closely related species of Acacia (family Leguminosae) including 
Acacia seyal. The material collected consists primarily of high molecular weight 
polysaccharides and their calcium, magnesium and potassium salts which, on 
hydrolysis, yield arabinose, galactose, rhamnose and glucuronic acid. GA readily 
dissolves in water to give clear solutions ranging in colour from very pale yellow to 
orange brown and with pH of ~4.5. Unlike other food hydrocolloids, GA exhibits 
Newtonian behaviour with viscosity being shear rate independent. The viscosity 
decreases in the presence of electrolytes due to charge screening and also at low pH 
when the carboxyl groups become undissociated. The major functional characteristic of 
GA is its ability to act as an emulsifier for essential oils and flavours. Prolonged heating 
of GA solutions causes the proteinaceous components to precipitate out of solution thus 
influencing the emulsification properties of the gum (Williams & Phillips, 2000).  
 
Another reported application of GA has been in microencapsulation due to its ability in 
film formation and low viscosity at high concentration during microcapsule preparation. 
The flavour industry uses GA as a binding agent as well as a stabiliser in spray drying 
applications which render all lipophilic substances to be able to blend with hydrophilic 
components and therefore ensure their effective protection against oxidation, hydrolysis 
and other chemical reactions (Gharsallaoui et al., 2007; Kanakdande et al., 2007; 
Krishnan et al., 2005; Thevenet, 1995). Due to its higher cost, limited availability and 
the impurities often present, researchers have tried to use blends of GA with other wall 
materials or to replace GA completely (Jafari et al., 2008b). 
 
3.6 Summary of literature and significance of the project 
 
Although microencapsulation has been applied in the pharmaceutical and other 
industries over some decades, its potential in food processing has only been explored 
relatively recently. These developments can provide protection of sensitive and 
expensive food components including nutrients and may also allow release under 
specific conditions. There are a variety of alternative ways that might be useful for 
microencapsulation of AA. Of these, spray drying may offer particular advantages 
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potential as it appears to be a commonly used and effective microencapsulation method 
for the food industry. Based upon previous reports, water soluble wall materials 
including GA, modified starch, maltodextrins and hydrolysed gelatins are among the 
encapsulating agents which may be useful for the preparation of these spray dried 
microcapsules.  
 
3.7 Aim and objectives of the project 
 
The purpose of this research project has been to evaluate microencapsulation using 
spray drying technology in conjunction with a variety of encapsulating agents. The 
broad aim is to provide the means of protecting and enhancing the stability of AA, used 
as a fortificant in food formulations, during processing and storage. Specific objectives 
have been to prepare and characterise microcapsules, particularly to compare the 
suitability of a variety of alternative wall materials. The emphasis upon stability of AA 
has been focussed upon harsh storage conditions of elevated temperature over extended 
periods, chosen to simulate and reflect those encountered by military personnel in field 
conditions. 
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Chapter 4 
 
Materials and methods 
 
The objective of this chapter is to describe all the materials, including chemical 
reagents, equipment, instruments and ingredients of microcapsules along with the 
methods used in this study. The procedures applied for microcapsule preparation by 
spray drying and the particular conditions used are outlined, including those of 
temperature, pressure, and flow rate. In addition, the methods of analysis for AA 
content using CE, particle size distribution and X-ray analysis of capsules as well as 
their microstructure are also described.  
 
4.1 Chemical reagents 
 
All of the chemicals used in this study were of analytical reagent grade unless otherwise 
specified. The details of the chemicals used, including a brief description and their 
suppliers are listed in Table 4.1. It is specifically noted that Milli-Q water was used for 
the preparation of solutions as well as for all of the other procedures applied in this 
project. This includes the preparation of the feed materials for spray drying and the 
processing of instant Asian noodle products. 
 
4.2 Equipment 
 
Information regarding the equipment used in this project is presented in Table 4.2. 
 
4.3 Consumable and ancillary items 
 
The sources and details of consumable and ancillary items are provided in Table 4.3. 
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Table 4.1 List of chemicals 
 
Chemical Description Supplier 
Sodium hydroxide 
pellets 
Cat no. 1.06482.5000 
Lot no. B132382216 
Merck, Germany 
Hydrochloric acid, 
reagent grade 37% 
Cat no. 435570-2.5L 
Batch no. 00659BH 
Sigma Aldrich, Australia 
1,4-Dithiothreitol (DTT) 
for biochemistry 
Cat no. 1.11474.0025 
Lot no. K37155974742 
Merck, Germany 
AA 99.3% pure Cat no. 4-7863 
Lot no. LB09995 
Supelco, United States 
D-iso-AA 98%  Cat no. 85,606-1 
Lot no. 00227KF 
Aldrich Chemical 
Company, United States 
Milli-Q water Cat no. F7EN26803 Millipore, Molsheim, 
France 
Potassium dihydrogen 
orthophosphate 
Cat no. A391-500G 
Batch no. AF603229 
Ajax Finechem, Australia 
Sodium tetraborate Cat no. 460-500G 
Batch no. 80323317 
APS Ajax Finechem, 
Australia 
Sodium deoxycholate Cat no. D6750-25G 
EC 206-132-7 
Sigma Aldrich, Australia 
iso-Butanol Cat no. 1.00984.2500 
Product code: 100984 
Merck, Germany 
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Table 4.2 List of equipment and instruments 
 
Equipment/instrument Description Manufacturer 
Spray drier, type Minor Serial no. 1902 Niro Atomiser, Copenhagen, 
Denmark 
Spray drier rotary atomiser Model: CK 929 Niro Atomiser, Copenhagen, 
Denmark 
Hot plate with magnetic 
stirrer 
Cat no. CH 2092-001 Industrial Equipments & Controls 
Pty. Ltd., Melbourne, Australia 
pH meter Model: HI 8520 Hanna Instrument Ltd., United States 
Overhead stirrer Model: 0-10 LFA 0-318 Laboratory Supply P/L, Melbourne, 
Australia 
Analytical balance Adventurer Pro 
Model: AR2140 
Ohaus Corporation, Pine brook, 
United States 
Masterflex® peristaltic pump Model: 7512-35 Barnant company division of  
Cole-Palmer Instrument, Chicago, 
United States 
Capillary electrophoresis 
system 
Model: 270 A-HT Applied Biosystems, Victoria, 
Australia 
Weighing balance 
HGS-6000 
Serial no. Q6610 U.W.E Company, Taiwan 
Environmental scanning 
electron microscopy 
FEI Quanta 200 FEI Company., United States 
Vacuum packaging machine Model: AV 3B Australian Vacuum Packing 
Machines Pty. Ltd., Brisbane, 
Australia 
Water activity meter Novasina ms1-aw Axair Ltd., Switzerland 
Particle size analyser Mastersizer X, Model: 
MSX025A, 
Malvern Instruments Ltd., Malvern, 
United Kingdom 
Laboratory oven set at 102 °C Serial no. A1589 H.B. Selby & Company, Australia 
Laboratory oven set at 50 °C model: BTC-9090 Thermoline Scientific Pty. Ltd., 
Sydney, Australia 
Kirby KRC13 refrigeration 
unit 
Kirby Refrigeration NT, Northern 
Territory, Australia 
Temperature controlled room 
set at 20 °C (located at DSTO 
Scottsdale, Tasmania)  
Luca IP-55 Controller Industrial Electrical Importers New 
Zealand Ltd., Tauranga, New 
Zealand 
Minneapolis 
Honeywell heating unit 
Honeywell Inc., New Jersey, United 
States 
Temperature controlled room 
set at 30 and 37 °C (located at 
DSTO Scottsdale, Tasmania) 
Luca IP-55 Controller Same as above 
Temperature controlled room 
set at 48 °C (located at DSTO 
Scottsdale, Tasmania) 
Thermoline Envirotherm, 
model: Lo/Hi 870-20+100 
Thermoline Scientific Pty. Ltd., 
Sydney, Australia 
X-ray diffractometer Bruker D8 Advance  Bruker AXS Corporation, Madison, 
United States 
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Table 4.3 Description of consumable and ancillary items used in this study 
 
Item Description Manufacturer 
Fused-silica capillary 
(undeactivated) 
75 µm internal diameter 
Part no. 160-2644-5 
Agilent Technologies, 
United States 
Vacuum Packaging Bags Dimension 180 mm × 305 
mm; Type: B471 
Cryovac Sealed Air 
Corporation, Victoria, 
Australia 
Micropipette 1-5 mL Model: CT 51307 Boeco Germany, Hamburg 
Micropipette 100-1000 
µL 
Model: CT66503 Boeco Germany, Hamburg 
Syringe 3 cc/mL Cat no. 2010-12 
Lot no. 060122 
Terumo Corporation 
Australian Branch, New 
South Wales, Australia 
Nylon filter 0.45 µm  
13 mm 
Cat no. SE4M019100 
Lot no. R6SN02797 
LabServ, Biolab, Auckland, 
New Zealand 
 
4.4 Ingredients used in preparation of microcapsules 
 
All the ingredients of microcapsules were of food grade quality and AA was 
incorporated as the core material. A variety of hydrocolloids were trialled as wall 
materials and used during the preparation of the feed material for spray drying. A list of 
ingredients used for this purpose, together with a brief description and the suppliers are 
presented in Table 4.4. The specification sheets provided by the manufacturers of the 
ingredients used in this study are included as Appendices 1-9. 
 
4.5 Preparation of solutions for spray drying 
 
Preparation of the solutions used as the feed for spray drying as well as the procedures 
and conditions used for microcapsule formation were based upon various published 
methods described by Dian et al. (1996), Uddin et al. (2001) as well as Zhao and 
Whistler (1994). These were modified for the purposes of this study and the procedures 
adopted are described as follows. 
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Table 4.4 List of ingredients for microcapsule preparation 
 
Ingredient Description Manufacturer 
AA food grade 
(99.0-100.5%) 
Product code: 158000 Bronson & Jacobs Pty. 
Ltd., Melbourne, Australia 
Maltodextrins Fieldose 17 (F17) and 
Fieldose 30 (F30) 
Penford Australia Ltd., 
Melbourne, Australia 
Gum Arabic Luxara 3A 
O/N. 4417 
Arthur Branwell & 
Company Ltd., United 
Kingdom 
Pregelatinised , modified 
waxy maize starch 
Instant MAPS Penford Australia Ltd., 
Melbourne, Australia 
Pregelatinised , modified 
waxy maize starch 
Instant 449 Penford Australia Ltd., 
Melbourne, Australia 
Unmodified high 
amylose maize starch 
Hi Maize™1043 National Starch, Sydney, 
Australia 
Modified waxy maize 
starch 
CAPSUL National Starch, Sydney, 
Australia 
Tapioca dextrin K-4484 National Starch, Sydney, 
Australia 
Modified waxy maize 
starch 
Hi CAP 100 National Starch, Sydney, 
Australia 
 
For the feed material, the wall materials (encapsulating agents) were first added to 
Milli-Q water. Various combinations of the ingredients were used as wall materials and 
these are listed in Table 4.5. In each case, these were carefully weighed and either 
dissolved or suspended individually in a suitable amount of Milli-Q water such that the 
total volume of water used was 3 L. In all cases this involved use of a stirring rod for a 
period of approximately 5 minutes with the purpose being to commence the process of 
hydration of the polysaccharide. The individual beakers with the hydrated hydrocolloids 
were then covered with aluminium foil and placed overnight into an oven incubator set 
at 50 °C.  
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Table 4.5 Details of the spray drying trials including the various combinations of 
hydrocolloids agents used along with the proportion of active 
ingredient incorporated 
 
No. Core 
loading 
(%) 
Hydrocolloid combination Ratio of 
wall 
materials 
1 6 GA F17  1:1 
2 6 F17 Instant 449  8.3:1 
3 6 GA F17 Hi Maize 2.5:2.5:1 
4 6 GA F30  1:1 
5 6 F30 Instant 449  8.3:1 
6 6 GA F30 Hi Maize 2.5:2.5:1 
7 6 F17 Instant MAPS  8.3:1 
8 6 F30 Instant MAPS  8.3:1 
9 6 CAPSUL   1 
10 6 F17   1 
11 6 Hi CAP 100   1 
12 6 K-4484   1 
13 6 K-4484 Hi Maize  5:1 
14 18 GA F17  1:1 
15 36 GA F17  1:1 
 
The preparation was then continued with each of the solutions of wall materials being 
combined as required, depending on the blend for the particular trial. In each case the 
combination was prepared to give a level of total solid material corresponding to 
approximately 30% (w/v) in the water. For this purpose, a high speed overhead stirrer 
was used at a setting of 3 which ensured that a vortex was maintained. Mixing was 
Note Fieldose 17 (F17) and Fieldose 30 (F30) used here as encapsulating agents are both maltodextrins 
but having different DE values. 
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continued for a period of 30 minutes, or longer if this was necessary to achieve 
homogeneity, so that in some cases mixing was extended for periods of up to 60 
minutes.  
 
Once each solution was homogenous, the active material, AA was added. This involved 
slow addition into the vortex while stirring with the overhead stirrer was continued, 
until full dissolution of the AA had been achieved (approximately 15 minutes). For 
some of the trials, the proportion of active ingredient to be incorporated was varied and 
in other cases the various combinations of hydrocolloids agents were used. The details 
of the various feed materials used in these trials are presented in Table 4.5. Finally, the 
pH of each of the feed solutions for spray drying was adjusted to 4.0. This was carried 
out with continuous agitation by use of a stirring rod and slow drop-wise addition of a 
solution of either sodium hydroxide or hydrochloride acid, as appropriate. For this, the 
solution used for initial adjustment was 2.0 M and then, for fine adjustment, a more 
dilute solution (0.1 M) was added. Each of the combinations of feed solution was 
prepared three times so that triplicate runs of each trial were carried out. The only 
exception was for Hi CAP 100 (Trial 11 in Table 4.5) for which it was not possible to 
procure sufficient material to run the replicate trials. 
 
4.6 Preparation of microcapsules by spray drying 
 
For spray drying, a Niro Rotary Atomiser Spray Drier Minor (pilot scale) unit (Figure 
4.1) was used. This was operated in accordance with the instructions issued by the 
manufacturer (Niro Atomiser, n.d.). Prior to use, the equipment was carefully checked 
for cleanliness and assembled to ensure that all joints included the rubber seals required 
and that these were in good condition. Particular care was taken in assembling the 
atomiser (Figure 4.2) to ensure that the rotation of the spindle at high speed did not 
result in undue vibration or imbalance. This unit was placed into the opening at the top 
of the chamber of the spray drier and then the peristaltic pump (Figure 4.3) was 
connected using silicone tubing.  
 
Prior to introducing the prepared feed material containing AA and hydrocolloids, the 
spray drier chamber was warmed to the desired level (described as the inlet 
temperature) of 120 °C. During this pre-warming stage, no liquid was being pumped 
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into the chamber, and heating was continued until the readout on the instrument control 
panel indicated that the temperature had been reached and was stable. Typically this 
required approximately 15-20 minutes and the settings which were using were: main 
controller I, and fine adjustment setting of 6.0-6.8. If necessary, the latter was adjusted 
so the inlet temperature was 120 °C.  
 
 
 
Figure 4.1 Pilot-plant scale equipment used for spray drying 
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Next, warm water (approximately 35 °C) was introduced to the chamber using the 
peristaltic pump (Figure 4.3). As soon as the pump was turned on, the air pressure 
controller was activated and the setting increased to 5.0 kg/m². Care was taken to 
increase the pressure smoothly and gradually over a period of 2 minutes. The pumping 
of warm water was typically continued for a period of approximately 20 minutes and at 
the same time the stability of the measured temperatures for both the inlet and outlet air 
flow was monitored. The temperature achieved at the outlet during this warm-up period 
was within the range of 72-82 °C. 
 
 
 
Figure 4.2 The atomiser assembly used in spraying of the feed solution for 
microcapsule production 
 
Once the instrument was running smoothly and the temperatures were stable, the pump 
inlet tubing was transferred into the feed solution to be spray dried. A clean,  
pre-weighed jar was immediately placed into the receiver position, directly below the 
cyclone assembly at the front of the instrument (Figure 4.1). Secondly, the flow rate was 
checked by monitoring the time taken for a known volume of the particular feed 
solution to be transferred to the chamber. The flow rates used in this study ranged 
between 10.0-12.0 mL/min and the specific selection was made on the basis of the 
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viscosity of the solution. The higher flow rates were applied for those solutions with the 
lower viscosity, and if necessary the speed control of the pump was adjusted.  
 
The typical settings required to give these flow rates were in the range of 1.34-1.46 and 
it is also noted that throughout the spray drying process, the solution was stirred using a 
magnetic stirrer in order to maintain the homogeneity of the solution. Outlet 
temperatures of 80-87 °C were typically observed throughout the spray drying run while 
the time taken for spray drying was up to approximately 5 hours, or even longer in a few 
cases, depending on the total volume being used and the flow rate applied. 
 
 
 
Figure 4.3 Peristaltic pump used in spray drying for transferring feed solution 
to the atomiser assembly 
 
Once all of the feed solution had been pumped into the chamber, at the completion of 
the run, warm water (approximately 35 °C) was run immediately into the chamber using 
the peristaltic pump for approximately 5 minutes to ensure that all of the solution had 
cleared the atomiser assembly and had been sprayed into the chamber. The receiving jar 
was then replaced with a waste jar; and the heating of the chamber discontinued. This 
was done by turning the percentage controller to 0, as well as the main controller from I 
to M. Warm Milli-Q water was pumped for a further period of 15 minutes to assist in 
the cleaning procedure as well as cooling of the atomiser at the end of the session. Prior 
to disconnecting the tubing of the peristaltic pump from the atomiser, the pump 
controller was changed to reverse the direction of the flow until bubbles were observed 
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to be coming out into the warm water. Finally, the air pressure setting was gradually 
decreased to zero over approximately 2 minutes and the main controller was then turned 
from M to O. At the end of the every spray drying run, the atomiser, the drier chamber, 
as well as the connecting assemblies were cleaned thoroughly to prevent contamination 
of microcapsules prepared in the subsequent trial. 
 
The microcapsules were collected in the receiver jar, allowed to cool and weighed so 
that the yield of microcapsules produced could be calculated. This was done by dividing 
the weight of microcapsules by the total dry weight of the ingredients incorporated into 
the feed solution and the result was expressed as a percentage. The recoveries of 
microcapsules produced were calculated using the following formula. 
 
Mass of microcapsules recovered  × 100 Yield (%) = 
Mass of encapsulating agent(s) and AA 
 
Typically yields of at least 70% were obtained for most of the trials. Subsamples of the 
microcapsules were reserved for the storage trial which is described in Section 4.7. The 
remaining portion of the capsules was placed into a closed sealed jar for storage until 
required for analysis of AA content, measurement of the particle size distribution and 
examination of the structure of microcapsules by ESEM, X-ray diffraction pattern, as 
well as moisture content and Aw measurements. 
 
4.7 Design of the storage trial used in evaluating ascorbic acid retention of 
microcapsule preparations 
 
The microcapsules prepared by spray drying were used for various evaluations, 
including the storage trial which was designed to establish the relative stability of the 
AA incorporated into the microcapsules. The experimental design used for the storage 
trial is described in Figure 4.4. The samples produced by spray drying were carefully 
sub-sampled following the scheme outlined in Figure 4.4, in preparation for the 
extended storage trial in which sub-samples were maintained at a number of different 
temperatures.  
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Figure 4.4 Experimental design of the preparation, sub-sampling and other 
procedures for the long term storage trial 
 
Notes 1 This chart gives a brief overview of the procedures which are described in more detail in 
this chapter.  
 2 This design was applied to all fifteen combinations of ingredients (Table 4.5) with the 
exception of Hi CAP 100 for which only one batch of capsules was produced. 
 3 The analysis of each subsample of each microcapsule combination following storage was 
applied for each of the storage temperatures and the corresponding periods described in 
Table 4.6. 
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From each specific individual trial in which a particular combination of 
microencapsulation agents (hydrocolloids) was spray dried, seventy-two sub-samples 
(approximately 5 g in each case) were individually sealed into Cryovac vacuum 
packaging bags. Each bag was labeled with the relevant details prior to further 
packaging. Three of these bags of sub-samples were then sealed into another vacuum 
packaging bag in order to ensure that all of the samples were stored within similar 
vacuum conditions, as far as possible. Then the procedure was repeated so that all 
seventy two subsamples from one spray drying trial were sealed in twenty four bags, 
each of which contained three of the original sub-samples. 
 
Once the preceding procedure had been repeated for each of the three individual spray 
drying trials carried out for one of the trial combinations (Table 4.5), there were  
two-hundred and sixteen sub-samples available for the storage trial. It is noted, 
however, that there was one exception which was Hi CAP 100 (Trial combination 11 in 
Table 4.5). For this, only one spray drying run could be carried out so that seventy two 
sub-samples were available for the storage trial.  
 
The same approach of sealing sub-samples in vacuum pouches was applied for all 
fifteen combinations of hydrocolloids described in Table 4.5. Once all of these  
sub-samples were available, these were further packaged in preparation for the storage 
trial. The matrix of treatments (involving temperature and period of storage) selected for 
investigation is presented in Table 4.6. In this the treatments are identified using  
a tick (?).  
 
The sub-samples from each of the fifteen combinations were combined into groups 
which were to represent one of the combinations of time-temperature  
(Table 4.6). For each combination, the assembly of samples was covered using 
aluminium foil in order to minimise the possibility that light might affect the 
microcapsules during the study. 
 
Each combination was placed under the controlled storage conditions, involving the 
four different temperatures (20, 30, 37 and 48 °C) for periods of up to 15 months. The 
details of storage times selected for each combination of capsules and temperature of 
storage are presented in Table 4.6. At the completion of the required time period for the 
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treatment, the corresponding sub-samples were removed from storage at Scottsdale, 
Tasmania. These were then forwarded to the laboratory in Melbourne where they were 
tested for AA content as well as being evaluated using ESEM. 
 
Table 4.6 The combinations of temperatures and storage periods used in the 
extended trial to evaluate AA retention 
 
Storage period (months) Temperature 
(°C) Initial 1 2 3 4 5 6 12 15 
 ?         
20    ? ? ? ? ? ? 
30    ? ? ? ? ? ? 
37    ? ? ? ? ? ? 
48  ? ? ? ? ? ?   
 
 
4.8 Ascorbic acid analysis using capillary electrophoresis 
 
The procedure for AA analysis by using CE was based upon those reported by Marshall, 
Trenerry, and Thompson (1995) as well as Thompson, Trenerry, and Kemmery (1995a, 
1995b). The procedure for involved preparation of buffer solution and standards as well 
as the instrumental analysis and data handling and each of these is now described. 
 
4.8.1 Preparation of buffer solution 
 
The buffer was prepared by dissolving 2.16 g of sodium deoxycholate in 100 mL of a 
solution prepared by mixing 50 mL each of potassium dihydrogen orthophosphate 
(0.02 M) and sodium tetraborate (0.02 M). The pH of the resultant solution was found to 
be 8.6 ± 0.1 and this was filtered through a 0.45 µm nylon filter prior to use. 
 
4.8.2 Preparation of standards 
 
Standard stock solutions of AA and D-iso-AA were prepared in Milli-Q water to give a 
final concentration of 1000 µg/mL. In both cases, DTT was also weighed and dissolved 
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at the same time as the AA or D-iso-AA in order to give a final concentration of 0.2% 
(w/v). This solution was prepared freshly and was only used on the day of preparation. 
 
AA stock solution was diluted to provide working standards of 10, 30, 50, 70, 100 and 
150 µg/mL and then D-iso-AA stock solution as an internal standard was added to each 
so that the concentration was 50 µg/mL in all cases. The individual standard solutions 
were filtered using 0.45 µm nylon filter then analysed using CE. A set of standard 
solutions was prepared and analysed on each day that the CE analysis of AA was 
performed and a standard curve drawn using the resultant data. 
 
4.8.3 Ascorbic acid analysis 
 
Samples of microcapsules and DTT were weighed and dissolved/dispersed in 10 mL 
Milli-Q water using a magnetic stirrer. The concentration of DTT in the resultant 
solution was 0.2% (w/v). The amount of capsules used for analysis was 0.10 g for all 
capsules containing 6.0% AA, 0.040 g for particles having 18.0% AA and 0.020 g for 
microcapsules with 36.0% AA. For all sample extracts, 1 mL was taken and transferred 
to a 10 mL volumetric flask. D-iso-AA stock solution was added to each flask to give a 
final concentration of 50 µg/mL of this internal standard and the contents finally made 
up to the mark with Milli-Q water. The sample solution was then filtered through a 0.45 
µm nylon filter to remove any suspended material that might block or damage the 
capillary column of the CE. The filtered sample solution was run on the capillary 
column of the CE system (Figure 4.5) and the peak data recorded from the 
electropherograms.  
 
The capillary column used during this project was 75 µm of internal diameter and 60 cm 
of effective length. The conditions used in CE were: Micellar Electrokinetic 
Chromatography (MEKC) mode; hydrodynamic injection mode; running buffer of 
phosphate-borate and incorporation of sodium deoxycholate with pH 8.6 (described in 
Section 4.8.1); 15 kV applied voltage to the capillary; typical run time of 20 minutes; 
detection at wavelength 254 nm; and temperature control set at 28 °C. The capillary was 
rinsed between each run using sodium hydroxide (0.1 M) for 2 minutes, then Milli-Q 
water for 2 minutes followed by the sodium deoxycholate buffer for 2 minutes, in order 
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to enhance the reproducibility of the analysis as well as preventing blockage of the 
capillary. 
 
4.8.4 Analysis and calculation of capillary electrophoresis data for ascorbic acid 
content 
 
Data acquisition and analysis for the results from the CE was performed using 
Shimadzu Class LC-10 Software Version 1.60 (Shimadzu Corporation, Japan, 1996). 
The calibration graph was prepared using the response ratio of area (area of 
standards/area of internal standard) and the corresponding value of the working standard 
concentration. The desired value of correlation coefficient (r2 value) of calibration graph 
for the study was ≥0.90. If the standard curve had an r2 value lower than 0.90, the 
associated sample data was not accepted and the analyses were repeated. Typically the 
values were very much higher (see Section 6.8). The peak results for the sample 
solution were used to calculate the response ratio of area of AA to that of the internal 
standard. Using this calculated ratio and the calibration graph, the concentration of AA 
in the extract of the microcapsule sample was determined and then used to calculate to 
relative retention of AA in the microcapsules. 
 
 
 
Figure 4.5 CE instrument used to analyse AA 
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4.9 Microstructure morphology using environmental scanning electron 
microscopy  
 
The outer surface structures of microcapsules were observed using the FEI Quanta 200 
ESEM (Figure 4.6) at an accelerating voltage of 30 kV; pressure of 0.5 Torr; spot size 
of 5.0; and working diameter of 10 mm. For this, a small quantity of each microcapsule 
preparation was mounted on a metal stub using double sided adhesive tape and the 
features viewed under various magnifications and a low vacuum atmosphere.  
 
 
 
Figure 4.6 ESEM with its monitor consoles 
 
4.10 Particle size analysis by laser diffraction 
 
Particle size analysis was measured by laser diffraction using the procedure described 
by Cornell, Hoveling, Chryss, and Rogers (1994) and for each individual batch of 
microcapsules prepared, triplicate analyses were performed. Small amounts of 
microcapsules were used, with the amount being adjusted to provide readings that 
corresponded to approximately 30% obscuration in order to achieve representative 
results. The capsules were then dispersed in iso-butanol with continuous stirring. iso-
Butanol was used for the analysis due to its desirable characteristics as a suspending 
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liquid for microcapsules – these were its ability to effectively act as a dispersant without 
in any way disrupting capsule structure (Kwak, Lee, Ahn, & Jeon, 2009). Laser beam 
scattering (Mastersizer X, Model MSX025A-Figure 4.7) was used to analyse particle 
size distribution of each combination of microcapsules. The main features used in this 
study were: 300 mm range lens (suitable for a range of particle sizes of approximately 
1.2-600 µm diameter) and for the analysis the stirred cell option was selected. This was 
designed for particulate samples suited to dispersion in a liquid medium and 
incorporated a magnetic stirrer bead within the cell. This allowed constant stirring as 
there is the facility for rotation while the cell is within the sample compartment 
(Malvern Instruments, 1997). 
 
 
 
Figure 4.7 Particle size analyser used to measure size of microcapsules 
 
The cell and the two lenses in the instrument were cleaned thoroughly using iso-butanol 
for each run. This was regarded as critical as these components are integral parts of the 
measurement zone and laser scattering is a high resolution optical method. Dust or 
smears on the surfaces are likely to scatter light that would be measured with the sample 
scattering thereby reducing the sensitivity of the analyses. The information received 
from the scattering of the analysis beam passing through the sample was collected and 
evaluated using the Malvern software data system Version 3.10 (Malvern Instruments 
Ltd., United States, 2003).  
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The results obtained have been presented both in tabular and graphical form; the brief 
description of key features of typical report of analysis is as follows; the residual is an 
indication on how well the analysis data was fitted to the measurement data (<1% is 
expected); the distribution of statistics which are calculated using derived diameters 
D[m,n] of particle size, such as mean, standard percentile reading, volume mean 
diameter, surface area mean diameter; the span which is the measurement of the width 
of the distribution; volume concentration; type of data distribution; obscuration which is 
the concentration of the sample when it is added to the dispersant; uniformity to 
measure the absolute deviation from the median; as well as specific surface area 
(Malvern Instruments, 1997). 
 
4.11 Moisture analysis 
 
The moisture analysis of microcapsules was based upon the Official Method of the 
Association of Official Analytical Chemists (AOAC International) (Bernetti, 2002)  
925.45-44.1.03 using the oven drying procedure. A sample of microcapsules of 
approximately 2 g test portion was placed in an aluminium moisture dish and 
transferred into the air oven set and equilibrated at 102 °C. Samples were allowed to dry 
for 12 hour and then the dried microcapsules were transferred immediately to 
desiccators, cooled to room temperature and weighed. The microcapsules were then 
dried for a further hour and this drying process repeated until constant weight was 
achieved. The results were calculated and the moisture content of the microcapsules 
expressed as a percentage (Bernetti, 2002).  
 
4.12 Water activity measurement 
 
Aw measurements were taken using a Novasina Aw meter (model ms1-aw). Samples of 
each of microcapsule sample (approximately 3 g) were placed into the plastic container 
provided with the Aw analysis system. Each was placed in the Aw meter for 
measurement and the results recorded. 
 
4.13 X-ray diffraction analysis 
 
The instrument used was a Bruker D8 Advance X-ray and the microcapsules samples 
were scanned at a step time of 2.0 seconds, a scatter slit of 1 mm and scanning speed 
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2.000 ° 2θ/min, within a range of 2θ values from 2.000 ° to 52.010 °, where θ is the 
Bragg angle. Spectra data processing was performed using MATLAB® Version 7.4 
(MathWorks, Inc., United States, 2007) with PLS_Toolbox Version 4.0.2 (Eigenvector 
Research, Inc., United States, 2006), Mathcad® 14.0 (MathSoft, Inc., United States) and 
Microsoft® Excel 2003 ((11.8328.8324) SP3, United States)). 
 
4.14 Procedures used in the preliminary trials  
 
This section describes the materials and method used in a series of preliminary trials. 
These consisted of three stages and were the comparison of AA extraction using stirring 
and reflux, the stability of AA under different pH conditions as well as instant noodle 
processing. 
 
4.14.1 Materials, equipment and items employed in the trial 
 
All of the chemicals, equipment, consumable and ancillary items used in this 
preliminary study including a brief description and their suppliers/manufacturers are 
listed in Tables 4.7-4.9. The ingredients of instant noodles are presented in Table 4.10. 
Other items used in the preliminary trial but not listed in these tables have already been 
included in Tables 4.1-4.5. It is also noted that Milli-Q water is used for all of the 
procedures applied in the preliminary trial. 
 
Table 4.7 List of chemicals used only in the preliminary trials 
 
Chemical Description Supplier 
Sodium phosphate 
monobasic dehydrate 
Cat no. 04269-1KG 
CAS no. 13472-35-0 
Sigma Aldrich, Australia 
Phosphoric acid Cat no. 466123-25G 
CAS no. 7664-38-2 
Sigma Aldrich, Australia 
Sodium phosphate, 
dibasic 
Cat no. S7907-100G 
CAS no. 7558-79-4 
Sigma Aldrich, Australia 
Sodium phosphate, 
monobasic anhydrous 
Cat no. S3139-250G 
CAS no. 7558-80-7 
Sigma Aldrich, Australia 
Benzoic acid Cat no.18102-500G-R 
CAS no. 65-85-0 
Sigma Aldrich, Australia 
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Table 4.8 List of equipment used in the preliminary trials 
 
Equipment Description Supplier 
Centrifuge  MSE Mistral 1000  
Model: MSB 100.CE1.4 
Sanyo Gallenkamp PLC, 
Loughborough, United 
Kingdom  
Deep fryer DF011C Sunbeam Pty. Ltd., Australia 
Mixer A795 Kenwood Ltd., United 
Kingdom 
Pasta maker Atlas 150 Marcato, Italy 
Steamer RC2610 Sunbeam Pty. Ltd., Australia 
 
Table 4.9 Description of consumable and ancillary items used in the preliminary 
trials 
 
Item Description Manufacturer 
Round bottom flask  Capacity of 100 mL 
Cat no. 057.202.13 
Socket size 24/29 
Glassco Laboratory 
Instruments Ltd., United 
Kingdom 
Condenser Liebig condenser 
Cat no. 182.202.01 
Socket size 14/23 
Glassco Laboratory 
Instruments Ltd., United 
Kingdom 
Heating mantle Electrothermal  
Cat no. MY6402 
Selbys Company, England 
 
Table 4.10 List of instant noodle ingredients 
 
Ingredient Description Supplier 
Bakers flour Protein: 11.5-12.5% 
Moisture: 14% max 
Ash: 0.6% max 
Water absorption: 64-66% 
Manildra Group, Australia 
Milli-Q water Cat no. F7EN26803 Millipore, Molsheim, France 
Potassium carbonate 
(anhydrous) 
K2CO3 
 
Ajax Chemicals, Australia 
Salt NaCl Pacific Salt Pty. Ltd., Australia
Sodium carbonate Na2CO3 BDH Chemicals Pty. Ltd., 
Australia 
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4.14.2 Extraction using stirring and reflux 
 
Samples of either AA food grade (0.05 g) or microcapsule samples (0.1 g) were 
dissolved/dispersed in either 50 mL or 10 mL Milli-Q water containing 0.2% DTT 
using a magnetic stirrer for 15 minutes. The extract solution (10 mL) as well as boiling 
chips (which provide smooth heating) was then transferred into a round bottomed flask. 
This was then assembled with a condenser and heated using a heating mantle using a 
control setting of 3. The extraction was performed for a total period of three hours. Sub-
samples (1 mL) of the extract solution were taken for analysis at each 1 hour interval. 
Finally, the retention of AA extracted in the sample solution was then analysed using 
CE, following the procedure described in Section 4.8 and 4.8.3 earlier in this chapter. 
 
4 14.3 The preparation of pH buffer solutions for investigating stability of 
ascorbic acid  
 
For 100 mL of pH 2 buffer solutions, 50 mL of 0.1 M sodium phosphate, monobasic 
dehydrate was mixed with 50 mL of 0.1 M phosphoric acid. The pH 7 buffer solution 
was prepared by combining the 61 mL of 0.1 M sodium phosphate, dibasic and 39 mL 
of 0.1 M sodium phosphate, monobasic anhydrous. The pH of both of the buffer 
solutions was then measured and adjusted with either 0.2 M sodium hydroxide or 
hydrochloric acid (as required).  
 
The procedure of preparation of standard solution of AA has been presented in Section 
4.8.2. The other standard solution used for this trial was benzoic acid prepared by 
weighing 0.05 g and dispersing in 50 mL in Milli-Q water. Since benzoic acid was not 
easily dissolved in the water, heating and continuous stirring was performed. After all of 
the particles were dissolved, the solution was left in room temperature to cool before it 
was used as an internal standard. 
 
AA (0.05 g) was weighed and diluted in the 50 mL of buffer solutions. The 1 mL of the 
AA solution as well as 1 mL of the benzoic acid solution were taken and transferred to a 
10 mL volumetric flask. After the flask was made up to the mark with Milli-Q water, 
the solution was then filtered through a nylon filter and the retention of AA was 
analysed using CE. The buffer solution containing AA was kept at room temperature 
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and the stability of AA was monitored continuously at random intervals for 
approximately 160 and 90 minutes for pH buffer 2 and 7 respectively. The condition of 
CE and analysis of the data performed in this trial has been presented in Sections 4.8.3 
and 4.8.4. 
 
4.14.4 The analysis of ascorbic acid in the preparation of instant noodles 
 
This trial consisted of three steps. Firstly, the AA was incorporated into the instant 
noodle formulation, followed by extraction of AA and finally the analysis of AA 
content at various steps of instant noodle preparation. 
 
4.14.4.1 Processing of instant noodles 
 
The instant noodles were prepared by modifying a method from AgriFood Technology 
in Werribee, Victoria, Australia. The formulation consisted of 100% bakers flour, 35% 
water, 1% salt, 0.4% of AA and 0.2% alkaline salts (sodium carbonate:potassium 
carbonate = 4:6). In this study, 500 g bakers flour, 175 g water, 5 g salt, 2 g AA, 0.4 g 
sodium carbonate and 0.6 g potassium carbonate were used for each batch. The AA was 
dissolved in the water and added into the bakers flour prior to addition of the solution of 
the salts.  
 
Mixing: The salt and alkaline salts were first dissolved in the water before they were 
added into the flour over a period of 30 seconds in a mixer set on speed 1. Mixing was 
continued at speed 1 for 1 minute followed by a further 4 minutes at speed 4. At each 
mixing step, the dough was scraped from the side and the bottom of the mixer bowl to 
ensure no dough stuck to the side and bottom of the bowl.  
 
Resting: The dough was placed into a zip lock plastic bag that was covered with 
aluminium foil and then allowed to rest for 30 minutes at room temperature.  
 
Sheeting and cutting: The dough was folded and sheeted by passing through the rolls 
of the noodle maker at progressively decreasing gaps. For each setting level, the dough 
was passed through the roller three times. The sheeting process ended at the setting of 
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level 7. The cutting attachment was attached to the noodle maker and the sheeted dough 
was cut into strands. 
 
Steaming: The fresh noodles strands were steamed for 2 minutes over boiling water. 
 
Frying: The freshly steamed noodle strands were deep fried in palm oil for 45 seconds. 
The temperature of the oil was checked regularly and the noodle was only put in when 
the temperature had reached 150 ºC. The deep fried instant noodles were transferred to 
absorbent paper and were cooled down at room temperature for 30 minutes. 
 
Cooking: The instant noodles were cooked in boiling water for 3-5 minutes. This was 
done so that the amount of AA that was going to be consumed could be determined.  
 
4.14.4.2 Sample extraction method  
 
Samples of instant noodles at different stages of preparation: mixing, resting, sheeting, 
steaming, frying and boiling were taken. All of the samples were ground prior to 
extraction of AA. One g of each sample was mixed with freshly prepared aqueous 0.2% 
(w/v) DTT on a magnetic stirrer for 30 minutes. The mixture of each sample was then 
centrifuged at 4500 rpm for 10 minutes. Samples from each preparation stage were 
prepared in duplicate. 
 
4.14.4.3 Analysis of sample test solutions  
 
Extracts (5 mL) of AA from each sample preparation stage were diluted in a 10 mL 
volumetric flask. 500 µL iso-AA was added as internal standard (see Section 4.8.2). The 
solution was then filtered through a nylon syringe micro filter (45 µm) and analysed 
using CE with the methods described in Sections 4.8.3 and 4.8.4. 
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4.14.4.4 Calculation of ascorbic acid contents of noodle samples 
 
The results from replicate analyses were first averaged. The data was then expressed on 
a moisture-free basis using the moisture content values determined using the method in 
Section 4.11. The formula used was: 
 
100 vitamin content 
(adjusted to a dry basis) 
= vitamin content
(as is basis) 
× 
100 - actual moisture of sample 
 
4.15 Calculation of half life (t1/2) and Q10 values 
 
Half life values (t1/2) were calculated as an indicator of shelf life of microcapsules by 
estimating the time when the retention of AA in the capsules declined to fifty percent. 
The values were calculated from the graph of stability of AA contents under the various 
storage conditions (see Figures 9.1-9.4).  
 
For the calculation of Q10 data, the mean values of AA contents for each microcapsule 
combination at each time/temperature of storage were used. The data for each 
combination/time/temperature were plotted using Microsoft Excel software. Trendlines 
were initially fitted to the plots obtained using the scatter option. The resultant 
regression equations and corresponding correlation coefficients were reviewed for how 
well the data fitted the linear model. The slopes from these analyses were used wherever 
the correlation coefficient exceeded 0.95 and the intercept was within two units of one 
hundred. In the relatively few cases for which these criteria were not met, the initial 
slope of the curve used. This was estimated as the slope obtained when only the first 
two points of the graph were used for regression. It is noted that this was only required 
for the five microcapsule combinations which showed a relatively limited protective 
potential for AA. 
 
Q10 values were calculated to provide a convenient means of comparison of the effects 
of increasing temperature upon the rate of loss of AA observed during the storage trial. 
These were obtained from the ratio of the rate at the upper temperature considered to 
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that at the lower temperature. The values were adjusted so that they are all expressed per 
ten degrees. 
 
4.16 Statistical analysis using SPSS 
 
Statistical analysis was conducted with the assistance of a professional statistician (Glen 
McPherson Consultancy, Sandy Bay, Tasmania). Statistical analyses were performed 
with SPSS® (Statistical Package for the Social Sciences, Version 12.0, SPSS, United 
States, 2003). The analysis was applied to data formed by averaging the readings for 
two extracts obtained from each sample, except in the rare case where there was a 
missing extract. If results for only one extract were available, that value was used. 
 
A linear, additive model was fitted with a ‘product’ variable that identified 15 different 
products as one treatment variable, a ‘temperature’ variable with values of 20, 30, 37, 
48 as a second treatment variable and ‘Storage time’ which has values of 0, 3, 4, 5, 6, 
12, 15 for temperatures 20, 30 and 37 degrees and values of 0, 1, 2, 3, 4, 5, 6 for 
temperature 48 degrees and design variables as the third treatment variable ‘Batch’ with 
three levels and ‘Replicates within batch’ having three levels where included as design 
variables. It is noted that the product ‘Hi CAP 100 with 6.0% AA’ is lacking data for 
two of the three batches. Hence comparisons with this product have a lower power 
which implies that larger differences are required to obtain statistically significant 
differences. The model included a ‘Temperature’ × ‘Storage time’ interaction. 
 
An analysis of variance (ANOVA) was applied with checks on the model and data that 
indicated the model was appropriate and there were no obvious data errors. The primary 
test was for evidence that patterns over time differed between products at the different 
temperatures. 
 
Tests were applied at individual temperatures and the ‘Product’ × ‘Storage time’ 
interaction had a p-value less than 0.001 for every temperature, providing strong 
evidence that the patterns differed between at least two products at every temperature. 
Further analysis was undertaken at individual temperatures. Two forms of comparison 
were employed using t-tests for pairwise comparisons, with the residual mean squares 
from the ANOVA tables providing the variance estimate. The first test, applied 
Chapter 4 
 
 59
separately to each product, sought evidence of a change in AA level from the initial 
reading at each of the storage times. The second test compared changes in AA level 
from the initial reading to a reading obtained at a specific storage time between a pair of 
products. It was applied to all pairs. 
 
Given that statistical evidence of change does not necessarily imply a change that is of 
biological importance, the statistical test results were overlain with a check that any 
significant difference obtained from the statistical test was of practical importance. To 
this end, a difference of 3 units was taken as the minimum of practical importance and 
differences exceeding this value were identified. 
 
4.17 Statistical analysis using Minitab and Excel  
 
Statistical analyses were also performed independently of the consultant statistician. For 
this two types of software were used: Minitab® 15 (Minitab, Inc., United States, 2007) 
and Microsoft® Excel 2003 ((11.8328.8324) SP3, United States). The results of the 
retention of AA during the storage trial was analysed using Minitab. In the analysis of 
the effect of individual encapsulating agents on the size of capsules, the regression 
analysis of the data was performed using Excel and the ANOVA was applied using 
Minitab.  
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Chapter 5 
 
Results and discussion 
The preparation of microcapsules by spray drying 
 
This chapter gives a brief overview of the preliminary studies of spray drying 
particularly on the observations of encapsulating agents used in the trials. The results 
obtained for the production of microcapsules by spray drying from various 
combinations of hydrocolloids agents are also presented and discussed in this chapter. 
 
5.1 Introduction 
 
In the initial stage of this project, consideration was given to the options which might be 
available to provide protection to the sensitive water soluble vitamin selected for this 
study. The technique of spray drying is one of the possible approaches and this 
technology has been applied to a range of other food systems in which 
microencapsulation has been investigated. Spray drying provides some practical 
advantages and one significant feature is that it is widely used for drying heat sensitive 
food ingredients. In addition, previously it has been applied to the encapsulation of 
various food components and has advantages including cost effectiveness, safety due to 
the use of water as the preferred solvent and ready availability of existing commercial 
facilities. There is also the ready potential for scale-up from small scale trials using pilot 
equipment to commercial operation (Gharsallaoui et al., 2007; Gouin, 2004; Madene et 
al., 2006; Re, 1998). Accordingly, this technology was chosen for investigation with the 
overall objective being to enhance the shelf life of AA, within the context of extended 
storage and under relatively severe conditions. 
 
For the current research study, the basis of selection of the encapsulating agents is also a 
significant issue. Firstly wall materials should be readily available as food grade 
materials, reflecting the importance of safety of ingredients as well as having the 
potential to provide protection for the active component, AA. The other main factors 
considered were the requirement for ultimate release of AA within the digestive tract 
and the digestibility of the encapsulants (Desai & Park, 2005). Based upon the limited 
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previous research (previously outlined in Table 3.3) and information provided by food 
ingredient suppliers (Appendices 2-9), a number of food hydrocolloid materials were 
considered and many of these were commercial starch-based ingredients. 
 
A series of preliminary trials was then conducted to confirm the practicality of this 
range of wall materials selected as having potential application to the encapsulation of 
water soluble food components particularly micronutrients. The encapsulating agents 
included GA, partially hydrolysed starches in the form of maltodextrins (F17 and F30) 
as well as modified starches which have been promoted as potential microencapsulating 
agents by their manufacturers. Another starch product (Hi Maize) was also trialled as 
this is known to be high in RS, a component now known to provide significant health 
benefits, having the ability to act as a prebiotic in the digestive system and possibly 
providing desirable delayed release properties when used as a microencapsulating agent 
(Murphy, 2000; Thomas & Atwell, 1999).  
 
5.2 Evaluation studies using spray drying 
 
Small-scale preliminary studies were firstly used to assess a range of wall materials. In 
these trials, a variety of encapsulating agents was evaluated for their suitability for use 
with spray drying. The selection of wall materials for this trial was based on the 
information provided by manufacturers, particularly in the form of product specification 
sheets (Appendices 2-9) and the literature review described in Chapter 3. In all cases, 
the preparation of each combination for spray drying was readily achieved by hydration, 
suspension and mixing, utilising the procedures described (Sections 4.5 and 4.6). It is 
noted that the pH was carefully controlled as elevated values (pH 6.0 and above) are 
known to result in rapid losses of AA.  
 
In the preliminary trials, some potential wall materials were found to be unsuitable and 
these will be described very briefly. There were three materials for which problems 
were encountered: Pharmacoat, National®1333A and whey protein. Initially, 
Pharmacoat (Appendix 10) showed promise for encapsulation as it has low viscosity in 
the feed material used for spray drying. However, when this solution (4% w/v) was run 
into the atomiser, solid material rapidly accumulated in the outlet of the atomiser 
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(Figure 5.1). Therefore this material was not selected for further evaluation as an 
encapsulating agent in this study.  
 
 
 
Figure 5.1 The appearance of the atomiser outlet following the spray drying of 
feed solutions containing Pharmacoat 
 
When the modified starch known as National 1333A (Appendix 11) was tested for 
encapsulation of AA, it could be readily used in spray drying at concentrations of up to 
30% in the feed solution. However despite the convenience of this starch and the 
smooth running of the spray drying process, the outer structure of the resultant 
particulate product showed microcapsules that lacked integrity. The capsules lacked a 
smooth surface and a number of starch granules were adhering to each other. This 
structure was expected to be ineffective as a means of protecting AA and was 
considered unsuitable for the purpose of the long term storage trial. 
 
Whey protein isolate (Appendix 12) has previously been used for encapsulation of food 
ingredients (Young et al., 1993a, 1993b). In the current evaluation, it was used in 
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combination with maltodextrin (F17) (1 to 1 ratio) at a concentration of 20% in the 
solution of the wall materials. Initially, the microcapsules were white in colour, but 
upon storage for a few days, the appearance changed rapidly and a strong pinkness 
developed. It is likely that this colour change was caused by Strecker degradation 
involving DHAA and amino groups associated with the proteins as these reactions have 
been reported to take place in various foods (Liao & Seib, 1988). 
 
In addition to establishing that these hydrocolloid agents were unsuitable for the study, a 
number of other potential encapsulants were trialled. Some of the specific experiences 
with these will now be briefly illustrated. Firstly, it has been previously been reported 
that combinations of GA and maltodextrin can be used as encapsulating agents, suitable 
for spray drying and providing protection of core ingredients against oxidation (Ersus & 
Yurdagel, 2007; Gouin, 2004; Kanakdande et al., 2007; Loksuwan, 2007; Madene et al., 
2006). Based on these, in the current trials, relatively high concentrations of GA (30% 
w/v) were initially used and some practical difficulties occurred. The results showed 
that there was a limitation on the concentration level of GA that could be used in 
running the spray drier. It was noted that the dried GA gradually built up on the outlet of 
the atomiser. This indicated that the viscosity was too high and the concentration was 
unsuitable for long spray drying runs. Therefore, lower rates of incorporation of GA 
into the feed formulation were found to be necessary in order to prevent problems 
during spray drying runs.  
 
In further evaluations, Maltodextrin (F17) was also investigated in combination with 
xanthan gum (0.175% w/v), pectin (0.5% w/v) as well as sodium alginate (0.5% w/v) 
(Appendices 13-15). For each of these combinations, the viscosity was found to be 
relatively high and this was likely to result in very slow production of microcapsules, 
particularly when large quantities of capsules were to be prepared for storage trials. On 
the basis of these various preliminary trials, selected wall materials were not considered 
for further investigation and these included Pharmacoat, National 1333A, whey protein 
concentrate, xanthan gum, pectin and sodium alginate.  
 
It is also noted that in the case of GA, it was necessary to limit the concentration to not 
more than fifteen percent in the feed solution to ensure the smooth operation of the 
spray drier. Maltodextrin did appear to be suitable for spray drying purposes and it may 
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be used in combination with many other encapsulating agents due to its low viscosity 
characteristics. Although a number of potential wall materials were evaluated as not 
being useful, GA, maltodextrin and various other agents were studied further. A number 
of wall materials which are recommended by manufacturers as being useful for 
microencapsulation were found to have potential. These included Hi CAP 100, 
CAPSUL as well as K-4484, and each of these was found to give capsules having 
suitable structures when capsules were formed by spray drying. The suitability of these 
ingredients in spray drying run as well as ability to obtain relatively high solids 
concentration showed promising results which warranted further investigation.  
 
Another ingredient of interest nutritionally and having potential applications in 
preparation of microcapsules is Hi Maize (Appendix 6). This is regarded as a source of 
dietary fibre and was also trialled in various combinations. For these trials, low levels 
(5% w/v) of Hi Maize were used due to its characteristics of being insoluble in the feed 
solutions. These were effectively a slurry of the Hi Maize and it was particularly 
important to continuously stir the feed material to ensure uniform composition. The 
incorporation of Hi Maize with a combination of GA and F17 ran smoothly in the spray 
drying system. This firstly demonstrated that Hi Maize could be used and further trials 
were warranted so that this ingredient could be evaluated with other promising 
combinations of wall materials.  
 
Finally therefore, all of the preliminary trials then allowed the establishment of a range 
of potential wall materials as well as particular combinations of agents for encapsulating 
AA for this study. Thirteen combinations of hydrocolloids agents (Table 4.5) were 
successfully run in spray drying and the results of these spray drying trials are presented 
in the following section. 
 
5.3 The results for preparation of microcapsules by spray drying 
 
Capsules were prepared using the thirteen combinations of encapsulating agents chosen 
following the preliminary trials. For each of the spray drying trials the yield of capsules 
obtained was calculated and this was based upon the amount of capsular material 
recovered compared to that of the total solids fed to the spray drying unit in the form of 
the liquid feed material. The results are expressed as a percentage and the calculation is 
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described in Section 4.6 of the Materials and methods chapter. The yields are presented 
in Figure 5.2 and those obtained for the different combinations of encapsulating agents 
were similar. The values were all consistently within the range of 75-93% and these are 
relatively high considering the small scale of the trials. 
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Figure 5.2 The yield for each microcapsule preparation after the spray drying 
trials expressed as percentage of dry ingredients used 
 Notes 1 The details of the fifteen combinations are listed in Table 4.5. 
  2 Error bars represent 95% confidence interval values. 
  3 The calculation of the yield values is described in Section 4.6. 
 
It was consistently observed that during the spray drying process, relatively small 
amounts of capsular material adhered to the inner surfaces of the drying chamber and 
other parts of the spray drier assembly. Figure 5.3 provides an example of the 
appearance of the lower surface of the chamber for the combination of F30 with the 
incorporation of Instant 449. This shows the residual material remaining inside the 
chamber after the spray drying run. Recovery of this residual material from within the 
spray drier was not attempted. The reason that this approach was selected was in order 
to minimise the possibility of contamination and also so that the characteristics of the 
capsular materials obtained would be more directly comparable. In relation to the 
Chapter 5  
 
 66
overall yields, it is also noted that significantly higher values would be expected if these 
operations were scaled up to a commercial level.  
 
 
 
Figure 5.3 The appearance of the lower outlet of the chamber for the 
combination of F30 and Instant 449 after spray drying  
 Notes 1 The microcapsules are adhered to the wall of the chamber and white in 
colour. 
  2 The image was taken after the spray drying run. 
 
5.4 Observations on microcapsule prepared by spray drying  
 
The microcapsules recovered after spray drying process were evaluated for their 
moisture content and Aw (Table 5.1). The moisture content was measured by an oven 
drying procedure and the results ranged from 2.7 to 8.2, expressed as percentage values 
and the Aw values varied between 0.15 and 0.48. The results showed that the moisture 
content and Aw values were all relatively low and were quite similar for all of the 
combinations of the various encapsulating agents. The highest results were obtained for 
CAPSUL for both moisture content and Aw values compared to all of the other 
combinations. 
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Table 5.1 The results of moisture content and Aw of microcapsules prepared 
with different hydrocolloid agents 
 
Combination of encapsulating 
agents 
Moisture 
content (%) 
Aw 
1 F17+GA 4.67 ± 0.42 0.240 ± 0.022 
2 F17+Instant 449 4.04 ± 0.70 0.207 ± 0.009 
3 F17+GA+Hi Maize 5.72 ± 0.70 0.205 ± 0.022 
4 F30+GA 5.86 ± 0.67 0.188 ± 0.026 
5 F30+Instant 449 4.31 ± 0.44 0.193 ± 0.019 
6 F30+GA+Hi Maize 5.55 ± 0.62 0.182 ± 0.016 
7 F17+Instant MAPS 4.82 ± 0.82 0.181 ± 0.036 
8 F30+Instant MAPS 6.06 ± 0.28 0.181 ± 0.012 
9 CAPSUL 7.49 ± 0.45 0.457 ± 0.013 
10 F17 6.02 ± 0.52 0.151 ± 0.031 
11 Hi CAP 100 5.20 ± 0.82 0.215 ± 0.038 
12 K-4484 6.12 ± 0.63 0.446 ± 0.020 
13 K-4484+Hi Maize 4.15 ± 0.47 0.420 ± 0.040 
14 F17+GA+18.0% AA 4.46 ± 1.12 0.257 ± 0.036 
15 F17+GA+36.0% AA 4.10 ± 0.48 0.269 ± 0.043 
 
Notes 1 The numbering of combination is that presented in Table 4.5. It is noted that 
combinations 1 to 13 contain 6% AA. 
 2 Data are expressed in the form of mean value ± the 95% confidence interval 
values. 
 3 Aw is water activity. 
 
Loksuwan (2007) observed the moisture content and Aw of spray dried -carotene 
using modified tapioca starch, native tapioca starch and maltodextrin. In that study, the 
results for moisture content ranged from 2.1 to 6.0 and Aw from 0.22 to 0.37. Other 
researchers also examined the moisture content of microcapsules containing 
anthocyanin pigments using various maltodextrins and found moistures of 5.5-6.0 after 
spray drying (Ersus & Yurdagel, 2007) 
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Based on the limited data found in a review of relevant literature, the moisture content 
and the Aw of the microcapsules produced in the current study had quite similar values, 
although different active materials and encapsulating agents were used, but using the 
same approach of spray drying. 
 
5.5 The retention of ascorbic acid in microcapsules during spray drying 
 
During the spray drying trials, the recovery of AA was also measured. This was done by 
directly comparing the amount of AA measured in the resultant capsules by the CE 
procedure described in Section 4.8.4, with that which was incorporated into the feed 
liquid prior to spray drying. In all cases the recoveries were high (Table 5.2) and ranged 
from 96.0 to 104.0 expressed as percentage values. These results indicate that the pH 
adjustment described in Section 4.5 was effective in maintaining the stability of the AA 
and that the heating occurring as part of the spray drying process was sufficiently short 
in duration to have little or no impact on the AA content. 
 
Trindade and Grosso (2000) studied the stability of AA during spray drying and found 
high recoveries of AA. Similar observations were made with the use of either rice starch 
containing varying proportions of gelatin (approximately 97.0–99.0% recovery)  
or GA (approximately 98.8% recovery) as the encapsulating agents  
(Trindade & Grosso, 2000). Another report demonstrated that the loss of AA using 
either starch or starch in combination with GA during spray drying was relatively small, 
with typical values of approximately 2.0% (Uddin et al., 2001). 
 
The results (Table 5.2) obtained in this study were in agreement with the literature 
review mentioned earlier since the losses of AA were also relatively small. The high 
stability of AA during the operation of the spray drier probably reflects the rapid drying 
rate resulting in the formation of the protective crust layer of the microcapsules. It is 
likely that once this layer forms there is no further migration of the core material 
towards the surface so that the AA is protected against the heating applied during spray 
drying (Re, 1998). 
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Table 5.2 The retention of AA in microcapsules prepared by various 
encapsulating agent during spray drying trials 
 
Combination of encapsulating 
agents 
Average 
retention (%) 
1 F17+GA 102.2 ± 2.1 
2 F17+Instant 449 99.2 ± 2.5 
3 F17+GA+Hi Maize 102.2 ± 2.0 
4 F30+GA 98.8 ± 2.4 
5 F30+Instant 449 99.3 ± 2.1 
6 F30+GA+Hi Maize 98.5 ± 2.0 
7 F17+Instant MAPS 99.0 ± 1.4 
8 F30+Instant MAPS 98.4 ± 1.2 
9 CAPSUL 98.9 ± 1.5 
10 F17 99.2 ± 1.0 
11 Hi CAP 100 98.4 ± 1.2 
12 K-4484 98.9 ± 1.3 
13 K-4484+Hi Maize 99.3 ± 1.3 
14 F17+GA+18.0% 99.9 ± 1.7 
15 F17+GA+36.0% 98.2 ± 1.1 
 
Notes 1 The numbering of combinations is that presented in 
Table 4.5. 
 2 Data are expressed in the form of mean value ± the 
95% confidence interval values. 
 
5.6 Summary of evaluation of spray drying  
 
The results discussed in this chapter lead to the conclusion that the yields of capsules 
were similar and relatively high for each the various combinations of encapsulating 
agents. The high yields reflect the fact that relatively small amounts of material adhered 
to the inner surfaces of the spray drying chamber. The moisture content and Aw data for 
various encapsulating agents also demonstrated similarity in their values, with the 
CAPSUL combination giving the highest moisture and Aw values among the 
combinations. Finally, it was also found that there was virtually no loss of AA during 
the preparation of the microcapsules by spray drying. 
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Chapter 6 
 
Results and discussion 
Capillary electrophoresis: Validation of methods for analysis 
of ascorbic acid and application to a study of noodles 
 
This chapter provides background and review of the CE system with MEKC as the 
separation technique used. The optimisation of the conditions for CE and the factors that 
might affect the stability of AA in food products are also illustrated briefly in this 
chapter. Preliminary experiments demonstrating the effect of pH on AA stability and 
during processing of a food product are also described. 
 
6.1 Capillary electrophoresis 
 
CE is a relatively new separation technique which represents a powerful and flexible 
approach with the capability to separate sample analytes from a range of compound 
classes within a single analysis (Frazier, Inns, Dossi, Ames, & Nursten, 2000; 
Watanabe, Yamamoto, Nagai, & Terabe, 1998). A fundamental aspect of CE separation 
is electroosmotic flow (EOF) which is the bulk flow of liquid in the capillary and is a 
consequence of the surface charge on the inner wall of the capillary (Watanabe & 
Terabe, 2000). 
 
CE systems are comparatively simple: the basic components (Figure 6.1) include a 
power supply which provides the high voltage necessary for the separation, the capillary 
in which the separation takes place, the detector which monitors the effectiveness of the 
separation, and a data acquisition system which records the electropherogram. In order 
to carry out an injection, the source electrolyte vial is removed and a sample vial is 
substituted in its place. A small quantity of sample is introduced into the end of the 
capillary by either electromigration or hydrostatic injection, and then the source 
electrolyte vial is returned to the original position. The power supply is switched on and 
the analyte ions migrate toward the detector. As the ions pass the detector they are 
visualised, the signal is recorded on the data acquisition device and finally the 
electropherogram is produced (Weston & Brown, 1997). 
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Figure 6.1 Schematic diagram of a CE instrument, not drawn to scale 
(Weston & Brown, 1997) 
 
CE can be used in various separation modes and the most commonly applied is capillary 
zone electrophoresis (CZE) in which analytes are separated on the basis of differences 
in electrophoretic mobilities and these depend upon charge and molecular size. 
Simultaneous separation of both anionic and cationic analytes is possible by CZE due to 
strong EOF. Neutral solutes do not migrate by electrophoresis and all of these are 
coeluted with the EOF. Many of the applications of CZE have been in the bioscience 
area (Watanabe & Terabe, 2000). 
 
CE has been successfully used in a wide range of application areas including 
biomedical, clinical and forensic applications, chiral separations, affinity CE and 
immunoassays and determination solute of physical properties such as the dissociation 
constant of a compound which can be determined from migration time data. Some 
examples of specific groups of compounds analysed are nucleic acids, metal ions and 
small organic/inorganic anions and pharmaceuticals. Moreover, there are many 
applications of CE in food analysis including determination of carbohydrates, amino 
acids, proteins, colorants and dyestuffs, flavonoids and vitamins (Altria, 1999; Hau 
Fung Cheung et al., 2007). 
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CE presents significant advantages in terms of efficiency and speed of analysis, power 
of separation and resolution, low consumption of solvents/buffers, lack of organic 
solvent waste (environmentally safe), reliability, simplicity, versatility, low mass limits 
of detection, cost, minimal sample requirements, the possibility of direct sample 
injection without complex sample pre-treatments and suitability for routine use. One of 
the main features of CE is the flexibility of applications using the same instrument and 
the same capillary, requiring only a change in composition of the running buffer. The 
availability of different modes of separation together with the possibility of interfacing 
with different detection systems has resulted in the widespread application of CE in 
many fields of analysis (Altria, 1999; Blanco, Gracia, & Campana, 2007; Fotsing, Fillet, 
Bechet, Hubert, & Crommen, 1997; Gomis et al., 1999; Hau Fung Cheung et al., 2007; 
Injac, Kocevar, & Kreft, 2007; McGlinchey, Rafter, Regan, & McMahon, 2008; Sung, 
Kummer, Gaudin, & Dubost, 2006; Watanabe & Terabe, 2000; Watanabe et al., 1998). 
 
The disadvantages of CE are primarily instrument related with the main ones being 
poorer injection precision and sensitivity than those normally associated with high 
performance liquid chromatography (HPLC) (Altria, 1999). It has been suggested that 
the lower precision of CE may be related to variability in migration times. This 
problem, commonly observed in CE determination of vitamins and other 
pharmaceuticals, is due to a progressive increase in analyte migration times and related 
to a decrease of the EOF velocity. An increase in migration times and resolution has 
been obtained when the concentration of the buffer was increased. The effect of 
reduction of the EOF is due to the decrease of the zeta potential at the capillary wall 
solution interface. An increase of buffer concentration improved the peak shape by 
reducing the peak deformation resulting from overloading effects and also led to a very 
useful stacking effect. However at higher buffer concentrations, the heat production by 
the Joule effect tends to increase, giving rise to a loss of efficiency (Fotsing et al., 
1999). 
 
There are several types of separation mode of CE other than CZE, and these include 
capillary electrochromatography, capillary gel electrophoresis, and MEKC which will 
be discussed further in the next section. Capillary electrochromatography is a form of 
chromatography which uses a true stationary phase whereby the capillary is filled with 
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stationary phase particles and the solvent flow is driven by electroosmosis. Capillary gel 
electrophoresis is a variant of gel electrophoresis (Harris, 1999). 
CE can be used with two types of sample injection: hydrodynamic injection is achieved 
using a pressure difference between two ends of the capillary, raising the sample vial a 
given distance above the level of the destination vial for a predetermined time providing 
a gravity effect and also applying a vacuum to the destination end of the capillary. On 
the other hand, electrokinetic injection uses an electric field to drive the sample into the 
capillary. In this case, the capillary is dipped into the sample solution and a voltage is 
applied across the ends of the capillary (Harris, 1999; Weston & Brown, 1997). 
 
Detection in CE analyses faces two challenges: the small amounts of analytes to be 
injected together with the relatively small peak volumes (Blanco et al., 2007; Weston & 
Brown, 1997). Accordingly, the use of an internal standard is generally recommended 
and this involves adding to the sample extract, a known amount of a suitable compound, 
different from the component(s) to be measured. This is done by comparing the signal 
for the analyte with that from the internal standard. This approach is especially useful 
where the quantity of sample analysed or the instrument response may vary slightly 
from run to run for reasons that are difficult to control. Relative response of the detector 
to the analyte and standard is usually constant over a wide range of conditions (Harris, 
1999; Weston & Brown, 1997). The use of an internal standard increases the precision 
of results and is also recommended in order to correct many factors including migration 
shift of the analytes during measurements involving longer times as well as viscosity 
and surface tension differences between samples and standards (Altria, 1999; Boonkerd, 
Detaevernier, & Michotte, 1994; Fotsing et al., 1999; Stach & Schmitz, 2001).  
 
Quantitative precision in CE depends largely on the reproducibility of sample 
introduction. Hydrodynamic (differential pressure or gravity) injection system is more 
reproducible than electrokinetic injection system. This reflects the dependence of the 
quantity introduced by electrokinetic injection on the sample mobility and the nature of 
the sample matrix. To achieve reproducible migration times, a high reproducibility in 
EOF and analyte mobility must be ensured. EOF can vary over time with changes in the 
capillary surface charge density due to changes in buffer composition and ionic strength 
or washing processes. Electrophoretic mobilities vary with temperature due to viscosity 
changes in aqueous buffers. Large fluctuations in temperature can, in addition, result in 
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variations in buffer pH which will affect both electroosmotic and electrophoretic 
mobility (Goodall & Williams, 1991). 
6.2 Micellar electrokinetic capillary chromatography 
 
MEKC has been established as a powerful technique based on micellar solubilisation for 
the separation of a large variety of neutral and charged analytes employing the 
instrumental technique of CZE. MEKC as a novel area of CE was first introduced by 
Terabe and co-workers in 1984. Charged surfactants are added to the electrolyte 
solution, forming micelles and these acts as a pseudo-stationary phase of 
chromatography. The most commonly used surfactants for analysis of water soluble 
vitamins are alkyl sulphates such as sodium dodecyl sulphate (SDS). The anionic 
micelle as a separation carrier migrates toward the anode by electrophoresis as a result 
of electrophoretic mobility. However, the strong EOF transports the bulk buffer solution 
and even anionic micelles toward the cathode under neutral or alkaline conditions. 
Neutral or charged compounds are incorporated into the micelles and as a result they 
move by electrophoresis in the capillary. Mixtures of neutral species as well as mixtures 
of charged and neutral compounds can be separated by MEKC. Success of the 
separation is based particularly on appropriate selection of the surfactant at a 
concentration higher than critical micelle concentration. MEKC has been widely applied 
to the analysis of food constituents (Altria, 1999; Garcia, Font, & Pico, 2007; Harris, 
1999; Hau Fung Cheung et al., 2007; Injac et al., 2007; Spencer & Purdy, 1997; Terabe, 
1993; Watanabe & Terabe, 2000; Weston & Brown, 1997; Zamarreno, Maza, Perez, & 
Martinez, 2007). 
 
The distinct characteristic advantage of MEKC is the ability to separate a large variety 
of neutral and charged analytes, with higher peak efficiency and resolution than HPLC 
and comparable to those of gas chromatography. Plate numbers readily achieved with 
MEKC are approximately 200,000, which is more than ten times higher than that of 
HPLC. MEKC also offers fast analysis times and lower operating costs. On the other 
hand, MEKC has disadvantages and the first of these is related to samples. Generally 
direct injection is not practical and pre-treatment is required. Matrix effects are related 
to differences in electric strength between the sample and the separation buffer, 
disturbed equilibrium between analyte micelle, the absence of micelle formation in the 
sample zone, and modifications in the capillary wall surface. These effects are reflected 
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in peak broadening, peak distortion and longer migration times (Terabe, 1993; 
Zamarreno et al., 2007). Moreover, the other shortcoming of MEKC for determining 
trace analytes is its sensitivity because of short path length in on-column ultra-violet 
(UV) detection and the low injection volumes involved (Garcia et al., 2007). 
 
In MEKC, there are several types of surfactants that are used, including anionic (SDS), 
cationic (dodecyltrimethylammonium chloride), chiral (digitonin), non-ionic 
(octylglucoside), zwitterionic (3-[3-(cholamidopropyl)dimethylammonio]-1-
propanesulfonate), biological (sodium cholate) as well as mixtures of these. To be 
suitable for MEKC surfactants should be sufficiently soluble in the buffer to produce 
micelles and giving a low viscosity solution that is homogenous and UV transparent. 
The surfactant concentration should be kept below 200 mM because, above this, the 
viscosity as well as the current becomes too high. Buffer concentrations greater than 10 
mM are required in order to maintain a constant pH throughout the run (Weston & 
Brown, 1997). 
 
6.3 Selection of the method for analysis of ascorbic acid  
 
For the determination of AA in the current investigation, CE instrumentation has been 
used and the specific procedure is based upon that described in the literature review 
with some modification (Marshall et al., 1995; Thompson et al., 1995a, 1995b). In these 
reports, sodium deoxycholate buffer was applied in the measurement of AA in a variety 
of food products including fruits, vegetables, beers, wine and fruit drinks. In the original 
papers, iso-AA was selected as internal standard and DTT solution (2 mg/mL) was also 
used in order to prevent the oxidation of AA and iso-AA for periods of up to 12 hours. 
The capillary column consisted of fused silica, of 75 µm internal diameter with effective 
length of either 40 or 50 cm. The conditions applied for CE were hydrodynamic 
injection mode, applied voltage of 25 kV, detection at a wavelength of 254 nm and 
temperature control set at 28 C. Following the selection of this overall approach for the 
current project, the method was then optimised in preliminary trials of CE which 
focussed on the factors which might affect the analytical results obtained for AA. 
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6.4 Comparison of alternative buffers for capillary electrophoresis analysis of 
ascorbic acid 
 
In preliminary trials, two types of buffer that are commonly used in CE analyses of 
vitamins were compared: phosphate borate buffer and sodium deoxycholate buffer were 
examined in regards to their performance in the analysis of AA. The samples containing 
of AA, iso-AA and DTT were analysed using these two buffer systems and the results 
(Figure 6.2) showed that the separation of individual compounds was more satisfactory 
in sodium deoxycholate buffer than when phosphate borate buffer was applied. On this 
basis, the former was adopted for all subsequent analyses. In a further series of trials, 
the conditions and settings for the method for samples containing AA, iso-AA and DTT 
were studied. Voltages applied were 10, 12 and 15 kV and, as expected, the data 
demonstrated that higher voltages gave shorter retention times for the compounds 
studied. In addition, there was a limitation on increasing to too high a voltage and this 
was found to depend on sample characteristics as well as the nature of the buffer. Too 
high a voltage resulted in excessive current and this, in turn, led to instrument 
shutdown. It was also found that it was necessary to change the buffer at least following 
a period of 12 hour of run time due to the depletion of the buffer which caused an 
increase in the current produced within the capillary. 
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Figure 6.2 Electropherograms of AA analysis with different buffer selections 
 Notes 1 The results were taken from the Shimadzu Class LC-10 Software data 
acquisition system. 
  2 The vertical axes show detector response (at 254 nm) and the horizontal 
axes are for the migration time. 
  3 Different horizontal axes are used for the two electropherograms shown. 
Phosphate borate buffer 
DTT 
AA
iso-AA
Sodium deoxycholate buffer 
DTT
AA 
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6.5 Evaluation of injection method in the analysis of ascorbic acid by capillary 
electrophoresis 
 
Two distinct approaches are typically available on CE systems for sample injection and 
these are commonly referred to as hydrodynamic and electrokinetic injection. In the 
current study, these were investigated and compared using a series of solutions 
containing AA, iso-AA and DTT along with the sodium deoxycholate buffer. As part of 
the same investigation, varying approaches to data treatment were also compared. The 
correlation coefficients for the calibration standards obtained from hydrodynamic and 
electrokinetic injection are compared in Table 6.1.  
 
Table 6.1 A comparison of correlation coefficients obtained for calibration 
curves using two different injection methods as well as the various 
approaches to calculation of responses 
 
Method of calculation Hydrodynamic Electrokinetic 
Height of AA /Concentration of AA 0.9470 0.9178 
Area of AA/Concentration of AA 0.9998 0.8968 
Ratio (height of AA and iso-
AA)/Concentration of AA 0.9507 0.9836 
Ratio (area of AA and iso-
AA)/Concentration of AA  0.9998 0.9912 
 
Note The correlation coefficient was taken from an Excel calculation (Appendix 16). 
 
Based on these data, the plots of ratio area as a function of concentration gave the 
highest correlation coefficients for both hydrodynamic and electrokinetic injection. On 
the other hand, height or the ratio height/concentration appeared to have the lowest 
correlation coefficient for both injection types. In addition, most of the correlation 
coefficients obtained with hydrodynamic injection were higher than the corresponding 
values for electrokinetic injection. It was also found that for these trials, MEKC buffer 
was effective in separating all the compounds for both hydrodynamic and electrokinetic 
injection modes. 
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In the electropherogram produced (Figure 6.3), the results showed that the peaks from 
hydrodynamic injection were broader than for electrokinetic injection, particularly for 
the peak of DTT. The electrokinetic injection also gave a sharp peak and weaker 
response compared with hydrodynamic injection. In the trial, the time taken (0.1, 0.3 
and 0.5 minutes) for sample injection using electrokinetic injection was also 
investigated. The results showed that higher response (related to height and area of the 
peaks) was achieved by increasing the time of sample injection.  
 
Based upon the preliminary studies described here, suitable parameters were selected 
for routine application for the purposes of this investigation of microencapsulation of 
AA. The selections made were 0.1 minutes for sample injection time by hydrodynamic 
injection: this combination provided clear electropherograms for the analysis of AA in 
the capsule samples. Longer sample injection times were unnecessary and appeared to 
result in broader peaks, particularly when the concentrations of AA being measured 
were high.  
 
From the preliminary trials, it was also noted that the length of the capillary column 
affects the retention time of the compounds. The electropherograms (Figure 6.4) show 
the comparison of the analysis of AA when different lengths of capillary were utilised. 
For a longer capillary, the resultant separation time was longer and enhanced separation 
of the compounds was achieved.  
 
On the basis of the preliminary trial with the CE and the adapted method from literature 
review, the conditions of CE in analysing AA were validated and confirmed. The 
conditions specifically chosen were: MEKC mode, hydrodynamic injection; running 
buffer of phosphate-borate and incorporation of sodium deoxycholate at a pH of 8.6 
(described in Section 4.8.3) and an applied voltage to the capillary of 15 kV. 
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Figure 6.3 Chromatogram of AA analysis with different injection methods 
 Notes 1 The results were taken from the Shimadzu Class LC-10 Software data 
acquisition. 
  2 The vertical axes show detector response (at 254 nm) and the horizontal 
axes are of the migration time. 
  3 Different horizontal axes are used for the two electropherograms shown. 
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DTT
AA 
iso-AA 
Hydrodynamic 
DTT
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Figure 6.4 Chromatogram of AA analysis with different capillary length 
 Notes 1 The results were taken from the Shimadzu Class LC-10 Software data 
acquisition. 
  2 The vertical axes show detector response (at 254 nm) and the horizontal 
axes is the migration time. 
  3 Different horizontal axes are used for the two electropherograms shown. 
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6.6 The overview of ascorbic acid analysis using reflux as extraction method 
 
For the current study, the analysis procedure was to be used to measure the amount of 
AA recovered from within the microcapsules at various stages. These include the 
amounts immediately following microencapsulation, in order to establish the recovery 
during spray drying, as well as for the samples taken after varying periods of time in the 
storage trial. It was therefore important to evaluate procedures for the extraction of AA 
from the capsules so that a suitable approach could be applied for use in conjunction 
with the CE method of analysis. 
 
Various microcapsule samples as well as unencapsulated food grade AA have been 
investigated by applying two extraction methods to ensure complete extraction from the 
capsules. For these preliminary studies the extracting solution chosen incorporated DTT 
at a concentration of 0.2% following the procedures previously applied by other 
workers (Thompson et al., 1995a, 1995b). DTT is known to effectively stabilise AA and 
prevent oxidation, as well as having the ability to react with DHAA and convert this to 
AA, thereby allowing for the measurement of both nutritionally available forms of 
vitamin C. 
 
In the first approach to extraction, samples were initially stirred for ten to fifteen 
minutes using a magnetic stirrer at room temperature. This period of time was sufficient 
for the visual appearance to indicate that the microcapsules were dispersed in the 
extraction solution. Extraction was further continued by reflux of the extract for periods 
of up to several hours. The results for the effectiveness of these extraction approaches in 
determining AA in various samples are presented in Table 6.2. It is firstly noted that the 
amount of AA in the food grade (unencapsulated) AA was similar to the reference value 
stated in the product specification sheet supplied by the manufacturer (Appendix 1). In 
addition, these results are consistent with the highly purified nature of this material and 
provide some confirmation that the analytical procedure is providing reliable results.  
 
Significantly, the data illustrates that AA can be completely extracted in the first 
extraction procedure with only stirring at room temperature. Therefore, further 
extraction using the more vigorous conditions of reflux are not necessary at least in the 
cases of the three particular samples of capsules used here. The relative ease of 
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extraction may indicate the hydrophilic nature of the encapsulating agents used as 
microencapsulating agents for these capsules. 
 
Table 6.2 A comparison of the relative retentions of AA obtained using stirring 
and reflux for extraction and recovery (%) from various samples  
 
Sample 
Time (hours) 
0 1 2 3 
AA (food grade) 99.4 99.8 99.6 100.4 
GA+F30+6.0% AA 98.3 99.6 100.2 100.6 
GA+F30+12.0% AA 96.9 97.6 96.5 97.5 
GA+F17+12.0% AA 97.7 96.4 97.1 98.6 
 
Note The method of the extraction is described in Section 4.14.2. 
 
For the immediate purposes of this study, the results presented (Table 6.2) indicate that 
the procedure combining extraction along with CE analysis can be applied to 
microcapsule samples prepared by spray drying of AA with hydrocolloid agents. Whilst 
it is known that AA is relatively unstable and reactive, the results also emphasise that, 
under certain conditions, AA is quite stable. Thus there is no evidence of loss when the 
four materials were refluxed (at 100 C) for up to four hours. 
 
6.7 The overview of ascorbic acid analysis by capillary electrophoresis 
 
On the basis of the information and results obtained in preliminary trials, the conditions 
for the method of the analysis of AA using CE were optimised by modifying the 
effective length of the capillary column to 60 cm and reducing the applied voltage to 15 
kV. Other conditions which were described earlier in this chapter were retained for the 
analysis protocol subsequently used on a routine basis. Using the procedure finally 
adopted for this study, involving sodium deoxycholate buffer with the other 
modifications described, microcapsule samples were analysed and the typical results 
(Figure 6.5) show good separation between DTT, AA and iso-AA.  
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Figure 6.5 A typical electropherogram for the analysis of AA in microcapsule 
samples 
 Notes 1 The results were taken from the Shimadzu Class LC-10 Software data 
acquisition. 
  2 The vertical axes show detector response (at 254 nm) and the horizontal 
axes is the migration time. 
  3 The conditions used in the analysis are sodium deoxycholate buffer 
with 60 cm capillary column and 15 kV of applied voltage. 
 
6.8 The calibration standards of the analysis 
 
A typical calibration standard curve in the analysis of AA for the microcapsule samples 
produced in this study is presented in Figure 6.6. The correlation coefficient indicates 
the linearity of the detector response for varying concentrations of AA during analysis. 
Throughout this study, high correlation coefficient values were found and these were 
within the range of 0.98 to 1.00 (compare with Figure 6.6). In addition excellent 
linearity of detector response was always observed up to concentrations of up to 150 
µg/mL. Higher concentrations were not trialled as all samples could be analysed reliably 
using the range of concentrations shown (Figure 6.6). 
DTT
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Figure 6.6 A typical example of the graph obtained for calibration using 
standard AA and iso-AA as the internal standard 
 Notes 1 The ratio of areas was calculated as the area for the AA peak divided by 
the peak area for the iso-AA internal standard. 
  2 The calibration standard including its formula and correlation 
coefficient was prepared using Microsoft Excel software. 
 
6.9 Effect of pH on the stability of ascorbic acid 
 
The effect of pH in the stability of AA was studied and the results (Figures 6.7 and 6.8) 
demonstrated that the rate of loss of AA increased as the pH increased. The retention of 
AA was around eighty percent in 160 minutes and twenty percent in 90 minutes when 
pH values of 2.0 and 7.0 were used in the AA solution, respectively. These results are 
consistent with the pattern generally expected since AA is known to be relatively stable 
in acidic solutions, whilst it is unstable under neutral and alkaline conditions (Gregory, 
2008). 
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Figure 6.7 The stability of AA held at room temperature in pH 2 buffer 
 Notes 1 The method of preparation for the buffer solution is presented in 
Materials and method Section 4.14.3. 
  2 Benzoic acid was used as internal standard in this analysis. 
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Figure 6.8 The change in AA concentration during storage at room 
temperature in pH 7 buffer 
 Notes 1 The method of preparation for the buffer solution is presented in 
Materials and method Section 4.14.3. 
  2 Benzoic acid was used as internal standard in this analysis. 
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6.10 The analysis of ascorbic acid during noodle making  
 
The pH values measured in samples taken at each step during instant noodle preparation 
are presented in Table 6.3. The data show that the pH at each of the steps in noodle 
processing was relatively neutral. The pH values found here reflect the addition of the 
alkaline salts in the formulation of the products. 
 
Table 6.3 Measured pH values for samples taken at various stages during 
processing of fortified instant noodles 
 
Processing step pH 
Mixing 5.88 
Resting for 30 minutes 6.00 
Cutting 6.01 
Steaming 6.18 
Frying 6.23 
Cooking 6.28 
 
The results obtained when retention of AA was measured during instant noodle 
processing are presented in Figure 6.9. It is noted that the data has been calculated to a 
dry matter basis, in order to allow for the wide variation in moisture contents of the 
samples taken during processing. This approach facilitates direct comparisons and has 
previously been applied in similar studies of the retention of various B group vitamins 
(Bui & Small, 2007c, 2007d, 2007e, 2008a, 2008b, 2009). The pattern (Figure 6.9) 
appears to demonstrate that initially AA is stable with high retention of AA during the 
first three instant noodle processing steps (mixing, resting and cutting). However, when 
heat was applied in the processing (steaming, frying and cooking) the measured 
amounts of AA progressively decreased. This is consistent with the previous reports that 
AA is quite heat sensitive. In addition, the neutral pH condition of the noodle also 
affected the stability of AA but to a lesser extent compared with the heat application 
steps and this is reflected in the slight losses of AA during the first three steps of 
processing. 
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The results presented in Figure 6.9 demonstrate that the rate of loss of AA was higher 
during those steps of noodle making in which there was heat applied. There was around 
fifteen percent loss when the fresh noodles strands were steamed over vigorously 
boiling water (~100 C). After the freshly steamed noodles were deep fried at 150 C 
for 45 seconds, another fifteen percent decrease occurred. However, the subsequent 
boiling steps in noodle processing gave the highest losses. The recovery of AA was 
reduced about 30% when the instant noodles were cooked in the boiling water for 3 
minutes. At the end of the processing, the amount remaining in the cooked noodle was 
only around 38% which is only around one third of the total of the AA added into the 
original formulation. The high rate of decrease of AA during boiling is due to the heat 
applied but might also involve some losses through dissolution (leaching) of AA into 
the water during boiling. 
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Figure 6.9 Recovery of AA during instant noodle processing 
 Notes 1 Results for AA contents (means of triplicate analyses) were adjusted to 
a dry matter basis using the approach described in Section 4.14.4.4. 
  2 Data are expressed with respect to the level at the commencement of 
processing: that is AA content of the ingredients at mixing = 100%. 
 
In another experiment, the effect of cooking time of the noodles was also studied. The 
period of boiling is often varied from the time suggested by the manufacturer due to the 
preference of the individual consumer. Therefore to further examine the effect of heat 
on AA, in this study, the instant noodles were cooked for 3, 4 and 5 minutes and the 
contents of AA for different boiling times are presented in Figure 6.10. The results 
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demonstrate that as the cooking time was prolonged there was a trend for the retention 
of AA in the noodles to decrease although there was not a clear reduction between 3 and 
4 minutes. 
 
0
5
10
15
20
25
30
35
40
45
3 4 5
Cooking time (minutes)
R
e
co
v
e
ry
 (
%
) 
 
 
Figure 6.10 The retention of AA for different cooking times 
 Notes 1 Results for AA contents (means of triplicate analyses) were adjusted to 
a dry matter basis using the approach described in Section 4.14.4.4. 
  2 Data are expressed with respect to the level at the commencement of 
processing: that is AA content of the ingredients at mixing = 100%. 
 
6.11 The summary of validation of capillary electrophoresis and preliminary 
evaluations of ascorbic acid stability 
 
This chapter has provided details of the validation of the conditions used for CE 
analysis of AA as well as the method of AA extraction from samples of microcapsules. 
The data shows that DTT has effectively protected AA during the extraction and 
analysis procedures. Based on the validated approaches, the electropherograms for 
sample extracts confirm their effectiveness for analysis of AA, giving good separation 
of the individual components found in the microcapsule samples, as well as the internal 
standard. Furthermore, in the brief preliminary investigation of the stability of AA 
during noodle making, it was found that the steps involving heat treatment during 
noodle processing decreased retention of AA in the instant noodle. The data also shows 
that longer periods of time for heat application in cooking of the noodles, the greater 
were the losses of AA. 
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On the basis of the validation studies as well as the successful application of the 
procedure to the study of retention in a food product, the extraction and analysis 
approaches described were then applied in the further investigations reported in 
subsequent chapters of this thesis. 
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Chapter 7 
 
Results and discussion 
Characterisation of microcapsule preparations: particle size 
analysis and X-ray diffraction  
 
This chapter provides an overview of particle size analysis using laser beam scattering 
and X-ray analysis using wide angle X-ray scattering, including a brief description of 
the instrumental systems used in the analyses and particularly describes and discusses 
the results obtained with these technique when they were applied to the microcapsules 
incorporating AA. 
 
7.1 Overview of particle size analysis using laser diffraction 
 
Recently, laser beam scattering has become the preferred method for analysing particle 
size in many industries for characterisation and quality control purposes. This approach 
is very useful since it gives quick and easy access to measurements of particle size 
(Kwak et al., 2009). The method relies on the fact that diffraction angle is inversely 
proportional to particle size. Basically, the instrument consists of a laser, as a source of 
coherent intense light of fixed wavelength, a suitable detector and a means of passing 
the laser beam through a prepared sample. Older instruments and some current 
instruments rely only on the Fraunhofer approximation which assumes that the particles 
are much larger than the wavelength of light employed, the particles are opaque and 
transmit no light as well as that all sizes of particle scatter with equal efficiency. 
However, these assumptions are not always correct for many materials particularly 
those having small particles, giving rise to errors approaching 30% especially when the 
refractive index is close to unity. When the particle size approaches the wavelength of 
light, the scattering becomes a complex function with maxima and minima present 
(Rawle, n.d.). 
 
The instrument used in this study (Mastersizer X, Malvern Instruments) utilises the full 
Mie theory, completely solving the equations for interaction of light with matter. 
Accordingly the results are accurate over a large range of diameters, typically including 
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0.02-2000 µm. The Mie theory is based upon the volume of the particles whereas the 
Fraunhofer approach relies on projected area prediction. In summary, laser diffraction 
gives the following advantages to the user (Rawle, n.d.). 
1. The method is an absolute one set in fundamental scientific principles; 
2. A wide dynamic range. The best laser diffraction equipment is able to measure in 
the range from 0.1-2000 µm; 
3. Flexibility. For example it is possible to measure the output from a spray nozzle in 
a paint booth; 
4. Dry powders can be measured directly, although this may result in poorer 
dispersion than using a liquid dispersing medium. However, in conjunction with 
the analysis of a suspension, it can be valuable in assessing the amount of 
agglomeration in the dry form; 
5. Liquid suspensions and emulsions can be measured in re-circulating cells and this 
gives high reproducibility as well as allowing dispersing agents and surfactants to 
be employed to ascertain the primary particle size; 
6. Entire samples can be measured although sub-sample amounts are typically small 
(4-10 g for dry powders and 1-2 g for suspensions) and therefore representivity of 
sampling may be important; 
7. The method is non-destructive and non-intrusive, therefore samples can be 
recovered if they are valuable; 
8. A volume distribution is generated directly and this will reflect the weight 
distribution if the density of particles is constant; 
9. The method provides rapid and highly repeatable analyses; and 
10. High resolution of up to 100 size categories within the range of the system can be 
calculated on the instrument. 
 
7.2 Description of typical particle size analysis system 
 
A typical system for particle size analysis is shown in Figure 7.1 and the features will 
be briefly described. The optical unit consists of three components: the transmitter, the 
receiver and the sample area. The purpose of the optical unit is to collect information 
from the scattered light when a laser is passed through the sample to be measured. The 
other part of the optical unit is the receiver which collects and stores the information 
from the scattering of the beam as it passes through the sample. Once the data has been 
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collected it is transferred to the computer system for analysis. The main component of 
the receiver is the detector which is actually made up of a number of photo-diode 
elements arranged in a radial pattern. 
 
 
 
Figure 7.1 The typical system of laser beam scattering (Rawle, n.d.) 
showing  optical unit,  one or more sample preparation accessories 
and  the computer system for instrument control and data recording. 
 
The area between the transmitter and the receiver is referred to as the sample area. This 
is where the prepared sample is placed and the main features as well as their functions 
are described in Figure 7.2. A variety of accessories are available to prepare samples in 
a form allowing these to be presented to the optical unit for measurement. A suitable 
approach is selected depending on the form of sample which may be a dry powder, an 
aerosol or a sample dispersed in liquid. 
 
The Malvern Mastersizer software used in the current study controls all the functions of 
the optical unit during a measurement and then uses the data collected to calculate the 
results. These are volume based, expressed in terms of equivalent spheres and allow the 
presentation of distribution parameters. The details of the results obtained for the 
microencapsulated AA preparations are presented in the next section.  
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Figure 7.2 The sample area used for sample measurement in particle size 
analysis (Rawle, n.d.)
 
Notes 1 Sample area cover designed to protect the operator from laser radiation and to keep the 
amount of background light to a minimum during a measurement. 
 2 The beam expander is used to increase the diameter of the laser beam. Once the laser beam 
has been expanded, it is known as the analyser beam. 
 3 The purpose of the range lens is to collect the laser light that has been scattered form the 
sample and focus it onto the detector electronics. A number of range lenses are available 
(range lens of 45, 100, 300 and 1000 mm) with each suited to a different size range of 
particles. The range lens of 300 mm which has a size range of 1.2-600 µm has been chosen 
to analyse particle size of microcapsules. 
 4 The sample to be measured is passed through the analyser beam by propelling the sample 
through a cell. In this study, a stirred cell which is the simplest form of cell and designed 
for samples dispersed in a liquid, is used. 
 5 If a flow cell were to be used then the connecting pipes from the cell to the sample 
preparation accessory would be passed through the covers via the pipe connectors. 
 6 Removable accessory panel. 
 7 Back scatter connector (Mastersizer type S only). 
 8 The laser interlock connection. 
 
7.3 Results and discussion of particle size analyses of microcapsules 
 
The particle size of microcapsules produced from various hydrocolloids agents were 
analysed using the Mastersizer X. For these analyses “polydisperse” mode was selected 
as this provides results that are not based on any assumptions regarding the shape of the 
resulting graphical presentations of the data. The predicted scattering pattern chosen for 
the analysis was “Standard-Wet” which corresponds to assuming that the particles are 
suspended in water. The residual values of the particle size analyses performed in this 
study ranged from 0.350-5.82%. These are considered to be relatively good and indicate 
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that the calculated data closely fitted to the measurement data. In addition, the residual 
values also indicate that the analysis mode and sample presentation selected for this 
study were quite suitable for the capsule samples. 
 
Throughout each individual run, the measurement cell and lenses were rinsed 
thoroughly using iso-butanol. It is noted that these surfaces are important as they are an 
integral part of the measurement zone since laser scattering is a high resolution optical 
method. Dust or smears on the lenses will contribute to scattering of the light and would 
be measured along with the scattering associated with the sample thereby reducing the 
sensitivity of the instrument to the sample characteristics. 
 
The information received from the scattering of the analysis beam as it passed through 
the sample was collected and evaluated using the Malvern software. The results 
obtained from this are presented both in tabular and graphical form: Table 7.1 shows a 
typical report obtained from particle size analysis followed by brief description of the 
key features presented. For the specific sample selected, the uniformity was calculated 
to be 0.57, and during the study the values obtained for this parameter for all of the 
microcapsule preparations fell within the range of 0.26-1.00. These values of standard 
deviation from the median values for the analyses are relatively low, indicating that 
there is a high degree of reliability associated with the data. 
 
Examples of the graphical presentations of the results for the particle size analyses are 
shown in Figures 7.3-7.6. In plots for each of the microcapsule preparations, two curves 
are shown. One of these represents the relative amounts of the particles within each 
range of particle sizes and this is referred to as the frequency curve. On the other hand, 
the second curve in each figure provides a cumulative value in which the total volume 
of particles having a diameter less than the designated value is shown. The cumulative 
curves shown here are those described in the Malvern instrument manual and software 
as being “undersize” plots. These display the results in the form of “relative amounts of 
the sample below a certain size of particle and expressed as a percentage”. 
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Table 7.1 A typical table of analysis results obtained for a microcapsule 
preparation: the example presented is CAPSUL with 6.0% AA  
(Trial combination 9) 
 
Result: Analysis Table
Measured by : Security  0
ID: 280707-2 Run No:    13 Measured: 20/11/2009 10:44
File: FINALRUN Rec. No:    2 Analy sed: 20/11/2009 10:44
Path: F:\FOLDER~1\ Source: Analy sed
Range:  300 mm Beam: 10.00 mm Sampler: MSX3 Obs':  26.8 %
Presentation: 2OHD Analy sis:  Poly disperse Residual:  0.994 %
Modif ications: None
Conc. =   0.0247 %Vol Density  =   1.000 g/cm 3^ S.S.A.=  0.2403 m 2^/g
Distribution: Volume D[4, 3] =   47.51 um D[3, 2] =   24.97 um
D(v , 0.1) =   17.99 um D(v , 0.5) =   39.12 um D(v , 0.9) =   80.86 um
Span = 1.607E+00 Unif ormity  = 5.670E-01
Size
(um)
Volume Size
(um)
Volume Size
(um)
Volume Size
(um)
Volume
In %
   0.50
   1.32
   0.15
   1.60
   0.33
   1.95
   0.40
   2.38
   0.35
   2.90    0.25
   3.53
   0.17
   4.30
   0.16
   5.24
   0.25
In %
   5.24
   6.39
   0.39
   7.78
   0.52
   9.48
   0.63
  11.55
   0.89
  14.08    1.57
  17.15
   2.93
  20.90
   5.16
  25.46
   8.23
In %
  25.46
  31.01
  11.45
  37.79
  13.67
  46.03
  14.22
  56.09
  12.81
  68.33    9.84
  83.26
   6.39
 101.44
   3.60
 123.59
   1.88
In %
 123.59
 150.57
   1.10
 183.44
   0.93
 223.51
   0.87
 272.31
   0.63
 331.77    0.23
 404.21
   0.00
 492.47
   0.00
 600.00
   0.00
 
Notes 1 The residual is an indication of how well the analysis data fitted the measurement data. A 
good fit is indicated by a residual of less than 1%. 
 2 D (v, 0.5), D(v, 0.1) and D(v, 0.9) are standard percentile readings from the analysis. 
 D (v, 0.5) which is known as mass median diameter is the size of particle at which 50% 
of the sample is smaller and 50% is larger than this size. 
 D (v, 0.1) is the size of particle for which 10% of the sample is below this size. 
 D (v, 0.9) is the size of particle for which 90% of the sample is below this size. 
 3 D [4.3] is the volume mean diameter. 
 4 D [3,2] is the surface area mean diameter. 
 5 Span is the measurement of the width of the distribution. The smaller the value the narrower 
the distribution. The width is calculated as: 
 
)5.0,(
)1.0,()9.0,(
vD
vDvD   
 
 6 Concentration is the volume concentration and calculated from the Beer-Lambert law and 
expressed as a percentage. 
 7 Distribution is the type of distribution that has been used for the analysis. 
 8 Obs (obscuration) is a measure of the amount of laser light lost due to the introduction of the 
sample within the analyser beam. Ideal values of this parameter range between 10 and 30%. 
 9 Uniformity is a measure of the absolute deviation from the median. 
 10 S.S.A (specific surface area) is defined as the total area of the particles divided by the total 
weight. 
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It is noted that the frequency curve has been calculated by differentiating the cumulative 
(undersize) curve and is particularly useful for displaying the results as it clearly shows 
the modal diameter. This is the most commonly occurring particle diameter in the graph 
and is will be used to directly compare the results for microcapsules prepared using 
different combinations of encapsulating agents.  
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Figure 7.3 Graph of particle size distribution for CAPSUL+6.0% AA 
(Trial combination 9) 
 Notes 1 The horizontal axis of particle diameter is expressed in units of µm and 
is presented on a logarithmic scale. 
  2 The vertical axes are presented as percentage values. 
  3 The vertical scale for the frequency curve is on the left hand axis. 
  4 The vertical scale for the cumulative plot is on the right hand axis. 
 
The frequency curves presented in Figures 7.3-7.6, demonstrate interesting comparisons 
and features of the microcapsule preparations prepared by spray drying. Firstly, the 
majority of the particles in each preparation fall within a relatively narrow range of 
diameters. Very little material is observed to have diameters of less than 10.0 µm 
demonstrating the effective formation of capsule particles from the encapsulating agents 
in each case. Similar observations were made for all fifteen of the capsule combinations 
made and characterised in this study. For three of the preparations selected, a single 
peak is seen in the frequency curves, indicating that there is a degree of uniformity of 
particle sizes. It is specifically noted that for combination 9 (Figure 7.3), several peaks 
Cumulative 
(undersize) plot 
Frequency curve 
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can be observed in the graph indicating that there are particles within the sample that 
can be described as having distinct size ranges. The most obvious of the minor peaks for 
this combination has particles with diameters in excess of 100 µm. This may indicate 
that some form of agglomeration has occurred, however, the relative proportions of the 
minor peaks for this combination remains quite small and is unlikely to adversely 
impact on the overall retention of the AA within these capsules. 
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Figure 7.4 Graph of particle size distribution of combination Hi CAP 100+ 
6.0% AA 
(Trial combination 11) 
 Notes 1 The horizontal axis of particle diameter is expressed in units of µm and 
is presented on a logarithmic scale. 
  2 The vertical axes are presented as percentage values. 
  3 The vertical scale for the frequency curve is on the left hand axis. 
  4 The vertical scale for the cumulative plot is on the right hand axis. 
 
Researchers also found that acai powder produced from Euterpe oleraceae Mart. by 
spray drying with maltodextrin as encapsulant, gave a bimodal particle size distribution 
with two distinct peaks, each one representing a predominant size. They observed a 
particularly interesting case of powders since the population of smaller particles was 
able to fit into spaces between the larger ones, thus occupying less overall space. The 
presence of larger particles may be attributed to agglomeration occurring to some 
Cumulative 
(undersize) plot 
Frequency curve 
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extent, where the formation of irreversible links leads to the production of particles with 
greater size (Tonon et al., 2008). 
 
Particle Diameter (um.)
0 
10 
20 
 0
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
   0.1    1.0   10.0  100.0 1000.0 10000.0
 
 
Figure 7.5 Graph of particle size distribution of combination F30+GA+ 
Hi Maize+6.0% AA 
(Trial combination 6) 
 Notes 1 The horizontal axis of Particle diameter is expressed in units of µm and 
is presented on a logarithmic scale. 
  2 The vertical axes are presented as percentage values. 
  3 The vertical scale for the frequency curve is on the left hand axis. 
  4 The vertical scale for the cumulative plot is on the right hand axis. 
 
In order to facilitate direct comparisons of the particle size data for the fifteen 
combinations of encapsulants, the results have been summarised in Table 7.2. The data 
show that most of the results are relatively similar regardless of which of the common 
measures of mean particle size are used. The diameters reflect those that are typically 
expected when the technique of spray drying is used. Spray drying usually produces a 
fine powder and in some cases further processing may be considered by an approach 
such as agglomeration (Gharsallaoui et al., 2007). Moreover, the range of diameters 
expected for microcapsules produced by common spray dryers is 5-150 µm (Favaro-
Trindade, Santana, Monterrey-Quintero, Trindade, & Netto, 2010).  
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Figure 7.6 Graph of particle size distribution of combination F17+Instant 449 
+6.0% AA 
(Trial combination 2) 
 Notes 1 The horizontal axis of particle diameter is expressed in units of µm and is 
presented on a logarithmic scale. 
  2 The vertical axes are presented as percentage values. 
  3 The vertical scale for the frequency curve is on the left hand axis. 
  4 The vertical scale for the cumulative plot is on the right hand axis. 
 
For comparative purposes it is noted that the sizes found here are similar in size range to 
those of typical milled wheat flour used in bread-making and other food processing 
applications (Hayes, 1987). This size provides a series of significant advantages in the 
use of the resultant microcapsules in the formulation of foods. The fineness, as well as 
the shape and lack of angularity ensure that there will be no adverse impact on sensory 
attributes of the food product. The fine particles cannot be discerned as “gritty or 
sandy”. A further aspect of the size is that this will facilitate the uniform distribution of 
the active agent within the food product. Large particle sizes will tend to give a less 
uniform distribution, affect food texture and have poor dispersibility in finished 
products (Favaro-Trindade et al., 2010). Furthermore, the presence of large particles 
may also be undesirable in most foods, including sweetened condensed milk, ice cream 
and chocolate in which the threshold of size detection is between 10 and 50 µm (Imai, 
Saito, Hatakeyama, Hatae, & Shimada, 1999). In addition, another report (Teixeira, 
Andrade, Farina, & Rocha-Leao, 2004) demonstrated smooth surfaces and homogenous 
Cumulative 
(undersize) plot 
Frequency curve 
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size distributions for microcapsules containing 5% of maltodextrin and mixtures of 5% 
GA with maltodextrin present. These were considered to be optimal for applications in 
the food industry due to the flow-ability properties of the resultant powders. The 
features of homogenous distribution of diameters in microcapsules may give a uniform 
distribution of flavours in food products (Teixeira et al., 2004). 
 
Table 7.2 Table of overall results comparing particle diameter distributions of all 
microcapsule combinations 
 
Trial D(v, 0.5) D(v, 0.1) D(v, 0.9) D[4,3] D[3,2] Span 
1 26.1 ± 2.1 14.7 ± 1.0 44.2 ± 5.3 28.3 ± 2.7 22.8 ± 2.0 1.12 ± 0.11 
2 32.8 ± 1.3 19.8 ± 1.1 53.0 ± 5.0 35.6 ± 3.0 27.5 ± 3.5 1.01 ± 0.14 
3 29.2 ± 1.6 16.86 ± 0.90 47.5 ± 3.8 31.0 ± 1.9 24.1 ± 2.6 1.046 ± 0.082 
4 21.1 ± 1.5 12.45 ± 0.92 34.1 ± 2.9 22.5 ± 1.7 19.3 ± 1.4 1.021 ± 0.051 
5 27.6 ± 1.4 17.3 ± 1.0 42.2 ± 2.0 29.0 ± 1.5 25.7 ± 1.4 0.907 ± 0.030 
6 27.0 ± 1.3 15.98 ± 0.85 42.8 ± 2.3 28.5 ± 1.4 24.0 ± 1.5 0.992 ± 0.058 
7 30.2 ± 1.7 18.01 ± 0.71 48.4 ± 5.0 32.0 ± 2.1 25.4 ± 2.4 0.10 ± 0.12 
8 24.8 ± 1.6 14.6 ± 1.0 40.5 ± 5.2 26.5 ± 2.2 21.8 ± 1.8 1.04 ± 0.16 
9 34.2 ± 2.2 18.46 ± 0.46 59.5 ± 9.7 38.0 ± 4.7 27.8 ± 1.8 2.2 ± 2.2 
10 20.6 ± 1.1 11.6 ± 1.2 36.0 ± 6.6 23.3 ± 3.5 17.5 ± 2.5 1.19 ± 0.36 
11 45.8 ± 9.3 20.4 ± 4.9 82 ± 15 49.3 ± 8.9 36.5 ± 7.1 1.36 ± 0.24 
12 30.3 ± 3.5 16.1 ± 1.8 52.3 ± 6.4 32.8 ± 3.7 25.0 ± 4.3 1.20 ± 0.13 
13 27.2 ± 1.9 16.9 ± 1.1 42.1 ± 4.2 28.6 ± 2.3 25.7 ± 1.8 0.922 ± 0.062 
14 33.9 ± 1.4 17.79 ± 0.48 62.1 ± 3.4 37.6 ± 1.7 28.6 ± 2.0 1.304 ± 0.068 
15 28.1 ± 2.2 15.2 ± 1.1 49.6 ± 5.9 30.8 ± 2.8 23.3 ± 3.1 1.21 ± 0.14 
 
Notes 1 The details of combination trial are listed in Table 4.5.  
 2 The description of D (v, 0.5), D(v, 0.1), D(v, 0.9), D[4,3], D[3,2] and span are presented in 
the notes of Table 7.1. 
 3 Diameter values are expressed in units of µm. 
 4 Data are expressed in the form of mean value ± the 95% confidence interval values. 
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A major consideration in the application of microencapsulation is the extent to which 
particle agglomeration has occurred within the powder. Particle size distribution has a 
considerable influence the flow characteristics of a powder. In general, the larger the 
particle size and the narrower the particle size distribution, the more free-flowing will 
be the powder. It has been reported that there a definite correlation between particle 
morphology and flow properties reflecting bonding due to irregular shapes through 
mechanical interlocking. Based upon a comparison of flow properties of a wide range of 
spray dried materials, it has been suggested that to obtain a free-flowing powder, 
particles should ideally be perfectly spherical with few or no surface cracks or 
indentations, and particles should not be agglomerated (Walton, 2000). 
 
The particle sizes for microcapsules prepared in the current study with various 
combinations of encapsulating agents are compared graphically in Figures 7.7 and 7.8. 
These give data relating to volume mean diameter, median, surface area mean diameter 
as well as width of the distribution. Figure 7.7 shows the overview of the particle sizes 
of microcapsules and demonstrates that the sizes of capsules were quite similar. 
However, the graph also shows that combination trial 11 (Hi CAP 100) gave the highest 
values for the features among other combination. In addition, the width of distribution 
(Figure 7.8) for all of the hydrocolloids agents trial were also similar, although 
combination trial 9 (CAPSUL) appeared to show the widest particle size distribution. 
These results, in conjunction with the frequency curves presented previously (Figure 
7.3) demonstrate the distinct range of particle size in capsules spray dried for this 
combination.  
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Figure 7.7 A direct comparison of the particle diameters for the different microcapsule preparations 
 Notes 1 The details of the combinations used are listed in Table 4.5.  
  2 The description of D [4,3], D(v, 0.5), D[3, 2] is presented in the notes to Table 7.1. 
  3 Error bars represent 95% confidence interval values. 
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The effect of individual hydrocolloids agents on the particle size of microcapsules 
produced in this study has been assessed and the results are presented in Figure 7.9. 
Regression analysis was performed using Excel and ANOVA was applied to these 
results using Minitab. The latter provides the significance of the effects and the details 
are presented in Table 7.3. The regression coefficient values demonstrate the effect of 
individual encapsulating agents on the particle size distribution of the capsules. The 
positive values indicate the ability of these materials to increase the particle sizes, 
whereas the materials having negative values of regression coefficient act in decreasing 
particle size. A higher number for the coefficient values was expected to have higher 
influence in affecting the diameters of the particles. The effects of the regression 
coefficient values were further evaluated by ANOVA to establish the significance of the 
coefficients and the effect on particle size. The smaller the p-value, the more significant 
is a particular hydrocolloids agent in influencing the ultimate size of microcapsules. 
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Figure 7.8 Span data for the various microcapsule preparations 
 Notes 1 The details of the combinations are listed in Table 4.5.  
  2 The description of span is presented in the notes to Table 7.1. 
  3 Span values have no units. The smaller the value the narrower is the 
particle size distribution. 
  4 Error bars represent 95% confidence interval values. 
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The results in Figure 7.9 show that F17, GA, Hi Maize, F30, CAPSUL and K-4484 
gave negative values for the coefficient, whereas Instant 449, Instant MAPS and  
Hi CAP 100 gave positive coefficients. The regression coefficient of individual 
hydrocolloid agents ranged from -0.21352 to 0.2905, reflecting a degree of similarity in 
the effects. A confidence interval of five percent was used to test the significance of the 
results and the analysis (Table 7.3) showed that only F17, F30 and K-4484 had 
significant impact on the particle size of microcapsules and this effect was negative. The 
other encapsulating agents may have relatively smaller influence, depending on the p-
value, compared with the other three hydrocolloids agents referred to here. 
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Figure 7.9 The effect of individual encapsulating agents on particle size of 
capsules 
 Notes 1 The details of encapsulating agent are listed in Table 4.4.  
  2 The regression is based upon the D[4,3] data. 
  3 The regression coefficients have no units. The values indicate the effect 
of the particular hydrocolloid agent on the particle size of microcapsules. 
 
There have been some previous studies related to the affects of encapsulating agents as 
well as feed concentration on particle size distribution. Loksuwan (2007) found that 
microcapsules incorporating acid modified tapioca starch had wider particle size 
distribution, but the diameters were smaller, as compared to those prepared using the 
corresponding native starch and also maltodextrin. The larger powder particle sizes 
found for maltodextrin might be explained by agglomeration or caking of powder 
particles (Loksuwan, 2007). Another group of researchers also noted that the type and 
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proportion of material wall used in the microcapsules affected particle size distribution. 
The median diameters of microcapsules containing only maltodextrin were larger than 
those containing either GA or a mixture of GA and maltodextrin. Increasing the 
concentration of maltodextrin and also GA in the feed solution resulted in an increase in 
microcapsule diameter (Teixeira et al., 2004). Tonon et al. (2008) also demonstrated 
that higher maltodextrin concentrations led to the production of larger particles. This 
probably reflects changes in the viscosity of the feed material, which increased 
exponentially with maltodextrin concentration (Tonon et al., 2008). 
 
Furthermore, the study found that wall or skin thickness of the fully-dried semi-instant 
skimmed milk of 30% (w/w) appeared to be thicker as well as having increased overall 
particle diameters than those dried from a feed concentration of 15% (w/w). This 
observation may be explained by the drying behaviour of the skimmed milk having 
different feed concentrations. It was found that the initial evaporation periods were 
considerably shorter and cycles of particle inflation, rupture and collapse appeared to be 
less exaggerated (Walton, 2000). 
 
The results (Figure 7.7) show that Hi CAP 100 had highest diameters of particle size 
and this result was reflected in the positive value of the regression coefficient. The other 
results for those capsules made using only one individual encapsulating agent also 
showed relatively consistent results in relation to the coefficients obtained from 
regression analysis. The CAPSUL combination had the highest volume mean diameter 
of 38.0 (coefficient of -0.049) after Hi CAP 100, followed by K-4484 with diameter of 
32.8 (coefficient of -0.12) and lastly by F17 combination diameter of 23.3 (coefficient 
of -0.17). However, the significant p-value of K-4484 and F17 showed that these 
encapsulating agents did influence the particle size distribution when either was 
incorporated into the combination of encapsulating agents. 
 
There are several interesting findings from the observations of the hydrocolloids agents 
and the particle size distribution obtained by using the regression coefficients. The 
results (Table 7.3) show that incorporation of Hi Maize had varying effects on the size 
of the capsules. It gave positive effects in increasing the particle size diameter in 
combination trial 3 and 6; whereas the influence was negative for combination 13. This 
might be due to the insignificant value of the regression coefficient for the Hi Maize 
Chapter 7 
 
 107
samples. The data also show that both of the maltodextrins significantly affected the 
particle size of capsules. The combinations of maltodextrin having higher DE (F30) 
were found to be smaller in particle diameter compared with those prepared with lower 
DE (F17).  
 
Table 7.3 Results of ANOVA for the effect of different hydrocolloid agents on 
particle size distribution of microcapsules 
 
Predictor Coef SE Coef t p 
Constant 42.586 5.106 8.34 0.000 
F17 -0.17305 0.05739 -3.02 0.003 
GA -0.11045 0.06765 -1.63 0.105 
Instant 449 0.04041 0.06445 0.63 0.532 
Hi Maize -0.13036 0.07534 -1.73 0.086 
F30 -0.21352 0.05512 -3.87 0.000 
Instant MAPS 0.2905 0.1637 1.78 0.078 
CAPSUL -0.04871 0.05658 -0.86 0.391 
Hi CAP 100 0.07125 0.06085 1.17 0.0244 
K-4484 -0.12390 0.05741 -2.16 0.033 
 
Notes 1 The details of the combination trial are listed in Table 4.5.  
 2 Coef values represent the regression coefficient of the analysis. There is no unit expressed 
for the regression coefficient. The values indicate the effect of hydrocolloids agent on 
particle size of microcapsules. 
 3 The SE coef is the standard error of the coefficient which is used to determine whether the 
encapsulating agent has a significant effect on the particle size. 
 4 The t-value has been obtained by dividing the coefficient by its corresponding standard 
error value. 
 5 The significance of the analysis was expressed as p-value. The lower the value, the more 
significant is the effect of the predictor in the analysis. 
 
Although the results obtained in the current study provide some evidence of the impact 
of the encapsulating agents on particle size, there are limitations in the data and these do 
not allow the prediction of particle sizes from a knowledge of the formulation used. One 
of the factors that was not specifically studied was the interaction of the various 
encapsulating agents where these were used in combination during capsule formation. It 
is also noted that all of the capsules prepared here were made using similar spray drying 
parameters. It may be useful to consider a range of microencapsulation conditions 
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which could influence the sizes of resulting particles. To date there has been limited 
research focusing on these aspects, especially as they relate to microencapsulation of 
food ingredients and consequently more research would be needed to clarify further the 
impact of factors including atomiser speed, flow rates and temperature. Given the 
complexity of the data, it is suggested that further studies would be required in order to 
provide an understanding of the process of capsule formation and prediction of the 
distribution of particle sizes, especially when more than one encapsulating agent is used 
in the formulation of the feed solution for microcapsule preparation. 
 
Finally, in summary, the results obtained in the current study show that the 
microencapsulated AA preparations consist of relatively small particles and these are of 
relatively uniform size. The data demonstrates the effect that individual hydrocolloids 
agents might exert on the particle size of spray dried microcapsules. 
 
7.4 X-ray analysis of samples 
 
Wide angle X-ray scattering (WAXS) is used to identify crystal structure and regular 
molecular arrangements present in a variety of samples including native and processed 
starches (Kavesh & Schultz, 1969). Starch is a semi crystalline polymer with a 
relatively low proportion of the structure showing crystalline characteristics. In addition, 
this is described as imperfect crystallinity, and the X-ray diffraction data suffers from 
low intensity, broad diffraction peaks, noise in the intensity scale and a large amorphous 
scattering distribution. Starch X-ray data requires background subtraction to establish a 
baseline for the scattering (Zobel, 1988). The diffraction peaks are used to identify the 
particular crystalline forms in the material (Singh, Ali, Somashekar, & Mukherjee, 
2006). WAXS patterns for starch show peaks of relatively low intensity which are also 
broad as a consequence of the diffuse crystal structures, so processing of data typically 
involves smoothing. The objective is to affect minimal loss of resolution, baseline 
correction and subtraction of amorphous background scattering from the coherent 
crystalline scattering. Resolution of diffraction peaks is required to allocate intensity to 
mixed crystalline types when these are present. In materials with limited scattering 
properties such as starch, a low level of error needs to be introduced to each spectrum if 
crystallinity comparisons are to be made. In addition, it is always preferable for data 
handling approaches to be uncomplicated, rapid and objective. In one recent publication 
Chapter 7 
 
 109
in which X-ray analysis was reported, retrogradation of starch has been recorded as a 
function of increasing crystallinity (Frost, Kaminski, Kirwan, Lascaris, & Shanks, 
2009). 
 
In the current study, X-ray diffraction has been used to evaluate the chemical structure 
of materials used for microencapsulation as well as for the resultant capsules. The 
details of the instrument, the analysis and data handling are described in Chapter 4, 
Materials and Method, Section 4.13. The resultant patterns were assessed for the 
presence of prominent peaks corresponding to those previously reported for starches. 
These peaks indicate the presence of a degree of uniform packing or arrangement of the 
molecules which is commonly referred to as crystallinity. The lack of such peaks 
demonstrated that the arrangement was less ordered and this is described as being 
amorphous. Where peaks were observed, values for relative crystallinity were calculated 
using the approach recently described by Frost and co-workers (2009).  
 
Samples of AA, all encapsulating agents as well as each of the microcapsule 
preparations were analysed by WAXS. The results obtained are summarised in Table 
7.4 and a selection of the scans are presented in Figures 7.10-7.12. It is noted that for 
the scans presented the scales on both the horizontal and vertical axes are the same and 
this has been done in order to facilitate direct comparisons. However, it is emphasised 
that for AA (Figure 7.10), the vertical axis is different. This reflects the highly 
crystalline nature of the pure AA used for microencapsulation, in comparison with all of 
other samples. The graphical results for other individual encapsulating agents and 
microcapsule combinations not presented in this chapter are provided in Appendix 17. 
 
The data confirms that some degree of crystallinity was observed for three of the 
encapsulating agents. All of the others showed X-ray patterns consistent with a totally 
amorphous arrangement of molecules. In contrast the AA used in the formulations for 
the capsules was highly crystalline, as expected. The data for the microcapsules 
demonstrated that where the original wall materials showed a degree of crystallinity, 
this was at least partially maintained during spray drying and was evident in the 
resulting microcapsules. Furthermore, the calculated values of relative crystallinity, 
before and after spray drying, were also very similar. This is consistent with the 
retention of the granular integrity of starch granules in these microcapsules during the 
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spray drying process. On the other hand, in all instances where the original analyses 
showed amorphous structure in each of the wall materials, for the resultant capsules, no 
crystallinity developed when the capsules were made. 
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Table 7.4 Results of X-ray diffraction analysis of materials used for 
microencapsulation and microcapsules containing AA 
 
Ingredient/microcapsule preparation Observations on crystallinity 
Capsule materials  
AA Highly crystalline 
GA Amorphous 
F17 Amorphous 
F30 Amorphous 
Instant MAPS Amorphous 
Instant 449 Amorphous 
Hi Maize Clear crystalline pattern (42) 
CAPSUL Strongly crystalline pattern (47) 
K-4484 Strongly crystalline pattern (46) 
Hi CAP 100 Amorphous 
  
Trial Microcapsule containing AA  
1 F17 and GA Amorphous 
2 F17 and Instant 449 Amorphous 
3 F17with GA and Hi Maize Some crystallinity evident (37) 
4 F30 and GA Amorphous 
5 F30 and Instant 449 Amorphous 
6 F30with GA and Hi Maize Some crystallinity observed (36) 
7 F17 and Instant MAPS Amorphous 
8 F30 and Instant MAPS Amorphous 
9 CAPSUL Some crystallinity observed (38) 
10 F17 Amorphous 
11 Hi CAP 100 Amorphous 
12 K-4484 Some crystallinity observed (54) 
13 K-4484 and Hi Maize Some crystallinity observed (58) 
 
Notes 1 For samples where the pattern indicated some degree of uniformity in the packing of 
molecules, relative crystallinity values have been calculated and these are expressed as 
percentage values. The patterns for microcapsules with F17 and GA as wall materials were 
similar regardless of whether 6, 18 or 36% AA was incorporated. 
2 The microcapsules preparation from trial combination 1 to 13 contains 6% AA. 
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Figure 7.10 X-ray diffraction pattern pure crystalline AA 
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Figure 7.11 X-ray diffraction patterns for wall materials used in encapsulation of 
AA: GA (upper), Hi Maize (centre) and CAPSUL (lower) 
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Figure 7.12 X-ray diffraction patterns for wall materials combination used in 
encapsulation of AA: F17 and GA (Combination 1) (upper), 
CAPSUL (Combination 9) (centre) and K-4484 (Combination 12) 
(lower) 
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7.5 Summary of results on particle size and X-ray analyses 
 
In this chapter the physical characteristics of the microcapsules prepared using various 
combinations of hydrocolloid agents have been presented. Those described here have 
been carried out using particle size and X-ray diffraction analysis. The statistical 
evaluation of distributions of particle size of microcapsules shows that most 
combinations of encapsulating agents gave capsules that were relatively similar and also 
quite uniform in size. Based upon the established properties of materials prepared by 
spray drying, the results reflect those expected. Both the fineness of the capsules as well 
as their spherical shape are advantageous: in terms of the sensory attributes of a food 
product into which the capsules might be incorporated, the particle sizes and 
characteristics will result in no grittiness or adverse effect upon the texture.  
 
The data was assessed for the effect of individual hydrocolloid agents on the particle 
size, although the experiments were not specifically designed to study this. For three of 
the encapsulating agents, their presence in the combination of microcapsules 
preparation appeared to reduce the particle size diameter significantly and these were 
F17, F30 and K-4484. Due to the limited number of combinations which could be 
evaluated within the context of the overall investigation, the prediction of capsule size 
from the interaction of the various encapsulating agents was not possible. None-the-less, 
the current results indicate that this may be a useful and relevant issue and so further 
studies on the impact of individual hydrocolloid agents on the particle size may be 
warranted.  
 
An evaluation of the chemical structure of individual encapsulating agents and resultant 
microcapsules generally demonstrated that the degree of crystallinity of original wall 
materials was maintained during spray drying. It was noted that, as expected, for AA the 
original material was highly crystalline and there was no evidence of retention of 
crystallinity during spray drying. The results for the X-ray diffraction patterns of 
various resultant microcapsule preparations confirm the retention of structural integrity 
of starch granules during spray drying.  
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Chapter 8 
 
Results and discussion 
Environmental scanning electron microscopy of 
microcapsules 
 
The purpose of the chapter is to provide a brief overview of SEM including ESEM 
which was used in this study and particularly to discuss the microstructure of the 
microcapsules prepared with different combinations of hydrocolloid agents. 
 
8.1 Scanning electron microscopy 
 
Scanning electron microscopy (SEM) has become one of the most widely used 
techniques for examination and analysis of the microstructural characteristics, properties 
and behaviour of a wide range of materials, including food products (Goldstein et al., 
2003; Kalab, Wojitas, & Miller, 1995; Parada & Aguilera, 2007; Stokes, 2003). The 
earliest recognised work on the technique of SEM was that of Knoll in 1935 at the 
Technical University of Berlin. In 1938, Von Ardenne constructed a scanning 
transmission electron microscope by adding scan oils to a transmission electron 
microscope. Subsequently, in 1942, the first SEM instrument was used to examine thick 
specimens as described by Zworykin, Hiller and Snyder. These workers recognised the 
significance of secondary electron emission and its use to produce topographic contrast. 
A detailed analysis of the interrelationship of lens aberrations, gun brightness and spot 
size resulted in a method to determine the minimum spot size as a function of beam 
current. Soon after, the modern SEM was developed by Oatley and his coworkers at 
Cambridge University during the period 1948 to 1961. This led to the first commercial 
production of an SEM by the Cambridge Instrument Company in 1965 (Goldstein et al., 
2003; Lee, 1993; Rochow & Tucker, 1994).  
 
The two major components of an SEM are the electron column and the control console 
(Figure 8.1). The electron column consists of an electron gun and two or more electron 
lenses, which influence the paths of electrons travelling down an evacuated tube. The 
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control console consists of a cathode ray tube viewing screen and the components used 
to manipulate the electron beam. 
 
 
 
Figure 8.1 The two major parts of an SEM - the electron column and 
electronic console (Goldstein et al., 2003) 
 
In an overview of the basic operation of an SEM (Goldstein et al., 2003) firstly, the 
electron gun and lenses produce a small electron beam. This emerges from the final lens 
into the specimen chamber, where it interacts with the sample and generates the signals 
used to form an image which is formed point by point. The deflection system controls 
the magnification by causing the beam to move to a series of discrete locations along a 
line until a rectangular raster is generated on the specimen. Two pairs of 
electromagnetic deflection coils are used to sweep the beam across the specimen. 
Contrast in an image arises when the signal collected from the beam-specimen 
interaction varies from one location to another. The electronics of the detector system 
convert the signals to point by point intensity changes on the viewing screen thereby 
producing an image. The two signals most commonly used to produce SEM images are 
secondary electrons and backscattered electrons. The standard Everhart-Thornley 
detector collects both groups of electrons when a positive voltage is applied to the 
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collector screen in front of the detector. With a negative voltage on the collector screen, 
a pure signal of backscattered electrons is captured because the low energy secondary 
electrons are repelled. Finally electrons captured by scintillator/photomultiplier are then 
amplified for display on the viewing cathode ray tube screen (Goldstein et al., 2003; 
Rochow & Tucker, 1994). 
 
SEM allows the observation and characterisation of heterogenous organic and inorganic 
materials on a nanometer (nm) to micrometer (µm) scale, including surface topography, 
crystallography as well as composition. In the SEM, the sample area is irradiated with a 
finely focused electron beam, which may be swept in a raster across the surface of the 
sample to form images or may be static to obtain analysis at one position. The types of 
signal produced from the interaction of the electron beam with the sample including 
secondary electrons, backscattered electrons, characteristic X-rays, and other photons of 
various energies (Goldstein et al., 2003). 
 
The major feature of SEM is the capability to obtain high resolution when bulk objects 
are examined. Another important feature is the large depth of field, which is responsible 
for three dimensional appearance of the specimen image, providing additional 
information (Goldstein et al., 2003; Stokes, 2003). SEM is also capable of use at very 
low magnification, which is useful in forensic studies as well as other fields (Goldstein 
et al., 2003). 
 
8.2 Environmental scanning electron microscopy 
 
More recent developments of SEM instruments include ESEM which involves operation 
while the specimen chamber contains a gas or a vapour at a pressure in the range from 
approximately 10 to 2500 Pa. This enhancement has increased the versatility reflected 
in both the range of samples that can be studied as well as the types of experiment that 
can be performed. The background to the development of ESEM was focussed on 
creating possibilities of imaging specimens in a more natural state. In 1961, Thornley 
described an arrangement which made it possible to image liquid droplets in the SEM. 
This was accomplished by sandwiching the liquid between two layers of carbon film, 
which helped prevent evaporation of the liquid and minimised contamination of the 
vacuum. By the late 1980s, the first commercial ESEM were being produced, opening 
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up a diverse range of possibilities for observing specimens requiring no special 
preparation or treatment (Fletcher, Thiel, & Donals, 1999; Goldstein et al., 2003; James, 
2009; Stokes, 2003).  
 
The components of ESEM are the same as those of a conventional SEM except for 
modifications to the vacuum system. The pressure-limiting or differential aperture is 
usually positioned at the bottom of the objective lens so that the distance electrons have 
to travel through the gas to reach the sample is minimised. Typically the aperture is a 
few hundred micrometers in diameter, which is sufficiently small to allow a pressure 
differential of from 100 to 1000 times to be maintained between the specimen chamber 
and the column (Goldstein et al., 2003; James, 2009). 
 
The operation of a differential pumping system and use of a pressure-limiting aperture 
allows the introduction of gases into the imaging chamber at relatively high pressures. 
However, because of the operating pressures used, the low-energy secondary electrons 
require amplification. This is achieved by the ionisation of the gaseous environment 
through collision with the secondary electrons emitted by the sample under the imaging 
electron beam, creating a cascade of electrons which are then detected using a gaseous 
detection device situated around the final aperture. Imaging gases may include nitrous 
oxide, carbon dioxide, helium, argon, nitrogen and water vapour. The last of these is the 
most commonly used and the most efficient amplifying gas in ESEM (James, 2009; 
McKinlay et al., 2004; Stokes, 2003). 
 
For many applications, significant advantages are provided by ESEM when compared 
with conventional SEM. The relaxed vacuum environment allows safe and convenient 
observation of specimens unsuited to the conventional SEM (Fletcher et al., 1999; 
Goldstein et al., 2003; James, 2009). Appropriate control over the phase behaviour of 
the vapour and the specimen is very useful in ensuring specimen stability and also 
enabling dynamic experiments to be carried out in situ. Examples of the latter include 
corrosion, oxidation, gelation, swelling behaviour of textile fibres and colloidal 
crystallisation (Goldstein et al., 2003; Stokes, 2003). Moreover, the use of the gas also 
provides new modes of imaging, which can generate novel information. The 
instruments can also operate as conventional high vacuum SEM with only minor 
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modification and therefore offer considerable flexibility with a wide variety problems 
and specimens (Goldstein et al., 2003). 
 
In the case of biological specimens, to visualise a material using conventional SEM 
requires application of several preparative steps which dehydrate the cells and prevent 
samples from charging when exposed to imaging electron beams. These processing 
steps can lead to the destruction of finer features as well as the introduction of artefacts 
to the images. ESEM has been adopted for use in the current study as it allows the 
observation of the morphology of the microcapsules in a form which requires no 
preparation and is much closer to their natural state (McKinlay et al., 2004). 
 
8.3 Images of outer structure for initial preparations of microcapsules 
 
The microstructure of microcapsules from the fifteen combinations following spray 
drying was evaluated using ESEM. In the preliminary stages of using this approach, a 
series of images was recorded so that suitable instrument settings could be applied 
during the study. In addition, a variety of magnifications were trialled in order that the 
most appropriate could be systematically used for all of the capsules prepared during 
this study.  
 
Briefly, for comparative purposes, the capsules made using one particular combination 
of encapsulating agents are presented as an example of the images obtained when a 
variety of magnifications were evaluated (Figure 8.2). The combination selected was  
K-4484 and the images, particularly those of lower magnification, show that there was a 
reasonable uniformity of particle size and appearance. This observation will be extended 
in a later section of this thesis where the results of particle size analysis will be 
presented. The images also show that there is virtually no sign of breakage or 
mechanical damage to the particles.  
 
It is emphasised that generally the pictures obtained for the other fourteen combinations 
of encapsulating agents at varying magnifications using ESEM confirmed the general 
observations from Figure 8.2. There was a degree of uniformity and consistency of 
appearance as well as size of the microcapsules for each combination. Additionally, 
there was no indication of significant breakage having occurred.  
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It is also noted that, for each combination, a large number of images were recorded of 
different areas of the material in the microscope chamber. The purpose was to ensure 
that a number of images were available for comparison and that in selecting one for 
presentation here, considerable care was taken to ensure that this did typify many 
images obtained for each particular combination.  
 
However, in this context, note is also made that in the use of the ESEM, artefacts were 
encountered and occasionally particles were observed that had unexpected shapes and 
characteristics. As examples of this, some images (Figure 8.3) are included here for 
completeness. The irregular or uncharacteristic spherical structures in these micrographs 
are indicated using arrows. These do demonstrate that unexpected material was 
occasionally observed. The presence of particles having atypical structures is shown in 
Figure 8.3 (A) and (B). The structures included irregular particles and elongated 
structures of various lengths. Figure 8.3 (C) and (D) also show spherical, smooth 
particles which are free of dents or cracks in the outer surfaces. Whilst the origin of 
these particles in not clear, the fact that they were seen in very few cases, justifies these 
being ignored. Additionally in initial trials using the spray drier, the common practice of 
brushing out the inner surface of the drier chamber was followed. This was done in 
order to recover the relatively small proportion of material adhering and remaining in 
the spray drier at the completion of each run. This practice was discontinued and 
considerable care was expended to clean out all parts of the equipment between trials. 
This approach appeared to minimise the occurrence of artifactual particles. 
 
On the basis of the comparisons of particles seen in Figure 8.2, it was decided to adopt 
2500 magnification for all micrographs presented in this thesis. This firstly ensures 
that direct comparisons can be made between the various preparations and also allows 
closer scrutiny of the surface appearance and integrity of the materials. The first 
samples considered were of the freshly spray dried microcapsules and these are 
presented in this chapter. Selected images of capsules following storage trial performed 
were also prepared and are shown in Figures 9.6-9.8. 
 
Despite the occasional observation of unusual particles, nearly all of the images 
recorded were of relatively uniform appearance and images carefully chosen as being 
typical of the spray dried capsules are presented in Figures 8.4-8.18. These show the 
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morphology of the microcapsules. The capsules did appear to be smooth and rounded 
and for comparative purposes, images were obtained for the original AA powder used in 
the preparation of the feed liquid for spray drying. An example is presented in Appendix 
18 which indicates that the AA was present as angular crystalline particles and these 
have a shape that contrasts with those of the microcapsules. In addition, the Hi Maize 
used as an encapsulant was also subjected to ESEM and a typical image is shown in 
Appendix 19. This shows that the encapsulant consists of starch granules but that these 
are relatively small in size (approximately between 5-20 µm of the range of diameters). 
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Figure 8.2 The appearance of microcapsules for various magnifications of combination K-4484 with 6.0% AA (Combination 12). 
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B  D
 
Figure 8.3 Examples of micrographs of capsules showing the presence of atypical particles 
Note arrows indicate artifactual materials. The combinations are (A) Maltodextrin (F30) and Instant 449 (Combination 5), (B) 
Maltodextrin (F17) (Combination 10), (C) Maltodextrin (F17) and GA (Combination 1) and (D) Maltodextrin (F17) 
(Combination 10). All had AA at 6.0%. 
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Figure 8.4 ESEM image of microcapsules prepared with maltodextrin (F17) 
and GA (Combination 1, Table 4.5) at 2500× magnification 
  
 
 
Figure 8.5 ESEM image of microcapsules prepared with maltodextrin (F17) 
and Instant 449 (Combination 2, Table 4.5) viewed at 2500 
magnification 
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Figure 8.6 ESEM image of microcapsules prepared with maltodextrin (F17), 
GA and Hi Maize (Combination 3, Table 4.5) at 2500 
magnification 
  
 
 
Figure 8.7 ESEM image of microcapsules prepared with maltodextrin (F30) 
and GA (Combination 4, Table 4.5) at 2500 magnification 
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Figure 8.8 ESEM image of microcapsules prepared with maltodextrin (F30) 
and Instant 449 (Combination 5, Table 4.5) at 2500 magnification
  
 
 
Figure 8.9 ESEM image of microcapsules prepared with maltodextrin (F30), 
GA and Hi Maize (Combination 6, Table 4.5) at 2500 
magnification 
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Figure 8.10 ESEM image of microcapsules prepared with maltodextrin (F17) 
and Instant MAPS (Combination 7, Table 4.5) – 2500 magnification
  
 
 
Figure 8.11 ESEM image of microcapsules prepared with maltodextrin (F30) 
and Instant MAPS (Combination 8, Table 4.5) – 2500 magnification
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Figure 8.12 ESEM image of microcapsules prepared with CAPSUL 
(Combination 9, Table 4.5) – 2500 magnification 
  
 
 
Figure 8.13 ESEM image of microcapsules prepared with maltodextrin (F17) 
(Combination 10, Table 4.5) – 2500 magnification  
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Figure 8.14 ESEM image of microcapsules prepared with Hi CAP 100 
(Combination 11, Table 4.5) at 2500 magnification 
  
 
 
Figure 8.15 ESEM image of microcapsules prepared with K-4484 
(Combination 12, Table 4.5) at 2500 magnification 
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Figure 8.16 ESEM image of microcapsules prepared with K-4484 and Hi 
Maize (Combination 13, Table 4.5) at 2500 magnification 
  
 
 
Figure 8.17 ESEM image of microcapsules prepared with maltodextrin (F17) 
and GA with 18.0% AA (Combination 14, Table 4.5) – 2500 
magnification 
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Figure 8.18 ESEM image of microcapsules prepared with maltodextrin (F17) 
and GA with 36.0% AA (Combination 15, Table 4.5) at 2500× 
magnification 
 
8.4 Discussion of the structure of microcapsules 
 
The typical morphology of the various microcapsule preparations demonstrates a 
number of important aspects including the general similarity both in appearance as well 
as size and uniformity. The images show that the structures were primarily intact with 
no apparent signs of porosity and no significant occurrence of cracks after the short 
period of high temperature (120 C) applied during the spray drying process. In 
considering the structure of the various microcapsule preparations and their 
effectiveness in protecting AA it was expected that the active material would be evenly 
distributed within the capsule, as the feed liquid used in spray drying contains AA 
homogenously mixed with the wall materials. 
 
The development of cracks might occur as a result of the type of wall material used and 
also due to the drying conditions employed, especially the rate of drying. The surface 
integrity of the structures for each of the capsule preparations demonstrates the 
effectiveness of spray drying as a means of microcapsule formation and confirms 
Chapter 8 
 
 133
previous observations made with a variety of encapsulating agents (Dian et al., 1996; 
Re, 1998). In addition, the various combinations of hydrocolloid agents have all been 
effective in providing a well defined surface structure which might then effectively 
encapsulate and protect the core material of AA within the matrix. The observations of 
capsule morphology previously made by various groups of researchers are summarised 
in Table 8.1. 
 
All of the microcapsules prepared in the current study were relatively spherical and 
smooth but showed an indented surface structure. The formation of the indented 
surfaces of capsules was attributed to the shrinkage of the particles during the early 
stages of the spray drying process, particularly the drying which occurred when the 
particles were rapidly cooling due to the removal of water. It is also noted that the 
apparent shrinkage that has occurred does vary quite widely, thus the capsules seen in 
Figures 8.5, 8.8, 8.13 and 8.18 appear to have relatively minor indentations. On the 
other hand some of the capsules have quite large indentations, for example, those 
presented in Figures 8.4, 8.6, 8.7, 8.11, 8.12 and 8.16. In all cases, the micrographs 
show no significant level of breakage and from the outer morphology there is no 
evidence that a central void was present within the capsules.  
 
It has been suggested that voids might form within capsules and this could be related to 
expansion of the particles during the latter stages of the drying process. The vacuole 
formation might originate from a process of shrinkage that occurs after case hardening 
of the outer surface followed by expansion of air bubbles trapped inside the droplets 
(Barbosa, Borsarelli, & Mercadante, 2005; Loksuwan, 2007; Re, 1998; Rosenberg, 
Kopelman, & Talmon, 1985, 1990; Teixeira et al., 2004). The presence of voids or 
hollow sphere structures is relatively common in microcapsules prepared by spray 
drying. As examples, the presence of voids has been reported in the spray dried 
microcapsules prepared with maltodextrin and fermented whey permeate containing 
short chain fatty acids as core material (Teixeira et al., 2004). In encapsulated orange 
peel oil with modified starch (N-LOK), the central void appeared to occupy most of the 
capsule volume (Pagola-Murua, Beristain-Guevara, & Martinez-Bustos, 2009). It has 
also been found that in ESEM images of GA microcapsules (with no core material 
incorporated) air voids could not be seen. This may be because the sectioning plane was 
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above or below air voids, as in other images of the same capsules, more than one air 
void was observed (Rosenberg et al., 1985). In another study voids were observed in 
microcapsules prepared with oil (Miglyol as active ingredient) and shell materials of pea 
protein isolate as well as maltodextrin (DE 28). Larger vacuoles were observed in the 
structure of microcapsules where pectin was added to the formulation probably as a 
result of the higher viscosity of the emulsion used in spray drying (Gharsallaoui et al., 
2007). Further investigations of the presence of voids within the structure of the 
capsules may be warranted for those microcapsules which are effective in enhancing 
AA retention, as part of future efforts to characterise these materials. 
 
The previous reports have mentioned that indentation and roughness of the surface was 
more prevalent in small particles than in those with larger diameters, indicating that 
solidification of the shell happened prior to expansion of the microcapsules. This could 
be attributed to the effects of drying rates. High rates, which are associated with small 
particles, usually lead to rapid wall solidification and therefore dent smoothing cannot 
occur. Furthermore, thermal expansion of air or vapour inside particles during drying 
can smooth the dents. The occurrence of dent smoothing is dependent on the drying rate 
and on the viscoelastic properties of the wall matrix. Expansion and smoothing of dents 
can occur only prior to solidification of the matrix when the wall material is sufficiently 
elastic to enable such structural changes (Rosenberg et al., 1985; Teixeira et al., 2004). 
 
The appearance of the capsules prepared in the current study can be compared with 
those described by Ersus and Yurdagel (2007). These workers presented SEM images of 
capsules spray dried using maltodextrins, having different DE values, as the sole 
encapsulating agents. The resultant capsules had the appearance of very smooth spheres 
(Ersus & Yurdagel, 2007) that had virtually no indentations. The microcapsules (Figure 
8.13) prepared in the current study using only F17 as microencapsulating agent, were 
quite similar to those in the previous report being relatively spherical with few 
indentations associated with the outer topography of the particles. These contrasted with 
each of the other combinations of hydrocolloid agents were the surfaces were less 
smooth.  
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Table 8.1 The summary of morphology studies of spray dried microcapsules  
 
No. Encapsulating 
agent 
Active 
material 
Morphology of 
microcapsules 
Reference 
1 GA Methyl-
antharanilate 
Surfaces were free of cracks 
and pores but characterised 
by dents. 
Rosenberg  
et al., 1985 
Maltodextrin 
(DE 10) 
2 Whey protein 
isolate and 
maltodextrin 
(DE 11) 
Anhydrous 
milk fat 
The capsules had some dents 
and wrinkles. No visible 
cracks or pores. 
Young et al., 
1993a 
3 Sodium 
caseinate and 
maltodextrin 
(DE 14 and 
18.5) 
Soya oil No evidence of 
agglomeration on the surface 
of particles. Free of visible 
pores or cracks. 
Hogan et al., 
2001 
4 Modified 
tapioca starch 
-carotene Spherical shape with 
extensive dented surface. 
Loksuwan, 
2007 
Maltodextrin 
(DE 24)  
Spherical shapes with 
smooth and some dented 
surfaces as well as 
heterogeneous size. 
5 GA  Cumin 
oleoresin 
Surfaces were smooth and 
had dents, showing 
shrinkage. 
Kanakdande 
et al., 2007 
GA, 
Maltodextrin 
and Hi CAP 
100 
Capsules showed some lack 
of uniformity with minimum 
cracks and dents on the 
surface. 
6 Maltodextrin 
and modified 
starch 
Allylguaiacol Spherical bodies with outer 
surfaces free of cracks but 
dents were present. 
Re, 1998 
7 Modified 
starches (starch 
acetate, starch 
phosphate and 
n-OSA starch) 
Orange peel 
oil 
Rounded external smooth 
surface and no cracks or 
pores observed 
Pagola-Murua 
et al., 2009 
 
Note n-OSA represents n-octenylsuccinylated. 
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Furthermore, in the current study, those microcapsules containing AA and produced 
with GA were typically globular having minimal external cracks and pores which is a 
good indicator of the efficiency of the microencapsulation process. It has previously 
been suggested that the only defects observed are dents resulting from the shrinkage of 
the droplets during the early stages of the drying process (Rosenberg et al., 1990; 
Trindade & Grosso, 2000). The microcapsules based upon GA as wall material (Figure 
8.4, 8.5, 8.7 and 8.9) demonstrated the effects on the outer topography of particles as 
apparent indented surfaces. In conclusion, the incorporation of GA as part of the 
encapsulating materials increased the indentation of outer surface of capsules produced. 
 
In the study by Loksuwan (2007), it was found that the use of maltodextrin (DE 24) 
resulted in a less indented surface than modified tapioca starch (DE 2), consistent with 
the higher DE value corresponding with greater amounts of reducing sugar present. The 
reducing sugar might act as plasticiser preventing shrinkage of the surface during 
drying. It has been suggested that plasticising agents are important for the formation of 
spherical microcapsules with a smooth surface (Loksuwan, 2007). The incorporation of 
plasticiser will improve the flexibility of the polymer chains and forms a less porous 
network. The molecules of the plasticiser exert their effects by interposing between the 
polymers chains, hence reducing cohesion between polymers and alters the hard, brittle 
coating to one that is flexible and tough (Uddin et al., 2001). It therefore may be that the 
capsules having the smoother surface will demonstrate less susceptibility to breakage as 
well as enhanced resilience during storage under adverse storage conditions. 
 
The maltodextrins utilised in this current research were F17 (DE 17) and F30 (DE 30). 
The former had lower amounts of reducing groups and a lower degree of hydrolysis 
occurring during manufacture than F30. It might be expected that microcapsules 
containing F30 would have lower formation of indentations on the surface than capsules 
containing F17. The ESEM images (Figures 8.4-8.11) of various combinations 
comparing the incorporation of the two maltodextrins of different DE, showed that there 
were no obvious differences in outer structures of the particles. Further trials 
specifically related to the effect of DE value would be required to clarify the 
significance of this factor to the morphology of microcapsules. 
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The wrinkles or less dented surfaces of microcapsules (Figures 8.5 and 8.8) when 
Instant 449 was incorporated into the combination were probably caused by the 
characteristics of Instant 449 which is claimed to be less susceptible to shrinkage during 
drying processes. Instant 449 (Appendix 5) is a thickener and does not readily form a 
gel. In order to incorporate this material into water, warmer temperatures and the aid of 
stirring was necessary to facilitate the development of uniform hydration for this 
modified waxy maize starch. Due to its features of relative resistance to interactions 
with water and also to heat, it might be expected that the incorporation of Instant 449 
would result in an ability to withstand the drying and cooling stages while forming less 
indented surfaces. On the other hand, addition of Instant 449 in the microcapsule 
preparation reduced the plasticiser effect seen with the maltodextrins during the spray 
drying trials. This resulted in the outer surfaces of particles being less spherical and 
having more surface indentations compared with microcapsules based upon only 
maltodextrin as the encapsulating agents. 
 
The capsules produced by the inclusion of Instant MAPS into the formulation were 
relatively spherical, having indented surfaces, with no apparent cracks or central void. 
Based upon the descriptions provided by the supplier of this commercial starch material, 
Instant MAPS has similar characteristics to those of Instant 449 in terms of thickening 
and gelling properties. Despite this, the microcapsules formed (Figures 8.10 and 8.11) 
do not closely resemble the particles (Figures 8.5 and 8.8) produced when Instant 449 
was used. In addition, there are varying levels of the apparent minor wrinkles present on 
the surface topography of the capsules incorporating Instant MAPS (Figures 8.10 and 
8.11). 
 
The material Hi Maize used here as an encapsulating agent has been available to the 
food industry over a number of years and is used in some food formulations because it 
is known as a source of RS. It is possible that the relatively low digestibility of this 
material in the upper digestive tract of humans might provide advantageous release 
characteristics if it is found to bestow effective protection upon the active materials 
present in microcapsules. The incorporation of Hi Maize as an encapsulating agent, 
appeared to result in the Hi Maize component being embedded within the structure of 
the microcapsules (Figures 8.6, 8.9 and 8.18). In addition, the incorporation of the Hi 
Maize did not appear to adversely affect the morphology and surface integrity of the 
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capsules. This might be due to the relatively small proportion of Hi Maize included in 
the trial combinations. The particles produced in the presence of Hi Maize were similar 
in overall appearance to the capsules produced with the other starch based ingredients. 
For instance, there were no significant visual differences between microcapsules formed 
with the incorporation of Hi Maize (Figure 8.6) and those formed with the combination 
of maltodextrin (F17) and GA (Figure 8.4). 
 
The capsules (Figure 8.12) produced with only CAPSUL (Appendix 7) which is a 
modified waxy maize starch, have relatively extensive indentation of the surfaces and 
these are of distinctive appearance. The extent of the indentations on the surfaces of 
these microcapsules was probably due to greater shrinkage during drying. Previous 
studies of this material showed that the morphology of the capsules was basically of 
globular spheres with some dents on the outer surface, smooth surfaces as well as no 
sign of cracks or void formation (Loksuwan, 2007).  
 
The particles (Figure 8.15) prepared using K-4484 (Appendix 8), which is a modified 
tapioca dextrin, were relatively smooth spheres having some dents on the surface. The 
incorporation of Hi Maize into these formulations appeared to reduce the indentation of 
the capsules surfaces. Furthermore, the microcapsules prepared with only Hi CAP 100 
(Appendix 9) were also quite globular with a smooth surface, a low occurrence of dents 
obtained as well as a lack of cracks or pores on the outer shell.  
 
The increase of AA concentration in the capsules formulation appeared to reduce the 
indentation of the outer surface of particles. This was noted particularly for the 
microcapsules for which 36.0% AA was incorporated into the formulation. The 
morphology of microcapsules from different core material concentrations were 
relatively similar with a fairly smooth spherical structure along with some indentation 
occurring and the outer surfaces free of cracks and pores. 
 
8.5 Summary of morphology of microcapsules from various encapsulating 
agents using environmental scanning electron microscopy 
 
The evaluation of outer structure of freshly spray dried capsules using different 
combinations of wall materials showed that the particles were generally uniform and 
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consistent in size and appearance. The microcapsules were intact and having good 
integrity as well as no indication of significant breakage occurring to the particles. 
However, there were some unexpected shapes and characteristics found in the 
observation of samples of microcapsules. These included irregular particles, elongated 
structures of various lengths as well as spherical and smooth particles which were free 
of dents or cracks in the outer structure of the capsules.  
 
The overall observations were that each microcapsule preparation consisted of relatively 
uniform particles having well defined structures that were basically spherical. The 
appearance of the capsules for the different microcapsule preparations appears to 
confirm the effectiveness of the hydrocolloids agents to provide a coating that may have 
a protective effect. In addition, the morphology of the original AA sample used for the 
preparation of the feed solutions for spray drying has also been assessed and the ESEM 
images demonstrated the angular crystalline structure of AA contrasting with that of the 
microcapsules.  
 
The microcapsules prepared in this study were typically spherical and smooth with 
indented surface structure. These formations of dented surfaces were attributed to the 
shrinkage of the particles during the drying process in the capsules production. 
Furthermore, some of these microcapsules with different combinations of wall materials 
had unique appearance and structure. These included the CAPSUL combination which 
showed the most extensive indentation of the surface structure compared with other 
combinations. In addition, combinations which incorporated either Instant 449 or Instant 
MAPS showed a reduced level of indentations on the outer surface of the capsules. 
Additionally, it is also noted that the increase in the loading of AA appeared to reduce 
the development of indentations on the surfaces of capsules. 
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Chapter 9 
 
Results and discussion 
The stability of ascorbic acid and the impact of various 
encapsulating agents during a long term storage trial  
 
This chapter presents the data for retention of AA in the microcapsules during the 
storage trial. The stability of AA and the effect of various encapsulating agents as well 
as different storage conditions are described and discussed in this chapter. The 
observations on the microstructure of the microcapsules during the trial are also 
evaluated briefly. 
 
9.1 Introduction 
 
The preparation of microcapsules using a variety of wall materials has been described in 
an earlier chapter of this thesis (Chapter 5) and the resulting capsules have been 
characterised in terms of their physical properties and appearance (Chapters 6-8). In 
relation to the broad objective of this research which has been to enhance the stability of 
the active component, the next phase has been to evaluate the retention of AA.  
 
In order to evaluate the stability of AA, a storage trial of various combinations of 
encapsulating agents was designed. In the previous studies of Uddin et al. (2001), the 
use of starch and -cyclodextrin as encapsulating agents was found to enhance the 
retention of AA throughout the drying process and subsequent storage. The retention of 
AA was evaluated at 38 C and the losses found after 100 hours of storage were about 
3% compared with 7% for AA without any coating (Uddin et al., 2001). Another study 
(Trindade & Grosso, 2000) evaluated the stability of AA microencapsulated in a 
combination of rice starch and gelatine as well as GA as wall materials. In a storage trial 
using a temperature of 45 C for 37 days, substantial losses of AA were observed for 
both samples (approximately 63 and 16% respectively). It was found that GA was more 
protective than the other combination of encapsulating agents (Trindade & Grosso, 
2000). 
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For the current study a more comprehensive, long term storage trial was designed. The 
purpose was to directly compare the wider range of encapsulating agents and 
combinations which were developed and prepared in the earlier phase of this study 
(Chapter 5). The further objectives have included the evaluation of retention under 
relatively harsh conditions as a basis for determining the potential for use in military 
rations and similar applications. Therefore, a long term storage trial was established so 
that retention at a series of four temperatures could be compared. In addition the results 
could be used to identify particular combinations of encapsulating agents having 
potential as protecting agents to enhance the retention of AA during long term storage 
of food products. 
 
9.2 The impact of storage on retention of ascorbic acid for microcapsules 
prepared with different combinations of hydrocolloid agents 
 
This section will focus on the results obtained for thirteen different combinations of 
encapsulating agents each of which contained AA as active ingredient at a level of six 
percent. The primary purpose has been to evaluate the effectiveness of the wall 
materials to protect AA in microcapsules during the long term storage trial. The 
statistical analysis of the data has utilised Minitab software (described in Section 4.17) 
to establish the significance of the relationships among the data obtained in this study. 
 
In order to demonstrate the results obtained during the storage trial, the data for samples 
stored at four different temperatures (48, 37, 30 and 20 C) are presented in Figures 9.1-
9.4. These graphical results show the retention of AA for each of the different 
microcapsule combinations during long term storage under the various temperatures 
conditions. 
 
In all cases, the analyses of initial AA content consistently confirmed that the measured 
levels of microcapsules were 100.0  2.0 units indicating the reliability of the analytical 
system of extraction and analysis employed in this study. The results (Figures 9.1-9.4) 
also show that there was some decline in AA contents of capsules over the six month 
period for 48 C and fifteen month period for other lower temperatures (37, 30 and 20 
C). However, the extent of the declines varied very widely between the combinations 
of encapsulating agents used and the particular conditions of storage applied. For the 
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microcapsules prepared using CAPSUL, the degradation of AA was relatively rapid 
with losses of more than 40% during the early stages of storage under various 
temperature conditions. 
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Figure 9.1 The results for mean AA content of each microcapsule preparation 
during storage at 48 C 
 Notes 1 Data shown is for all combinations of encapsulating agents for which 
6.0% of AA was incorporated into the capsule formulation. 
  2 In the legend presented on the right hand side the capsules have been 
ranked in order according to their decreasing effectiveness in retaining 
AA. 
  3 This ranking has been based upon the rates of loss calculated using the 
approach described in Sections 4.16 and 4.17.  
   4 The trial combination number for each microcapsule preparation is 
shown by the number in parentheses inside the legend. 
 
The ranking of the effectiveness of the capsules in protecting AA throughout storage, 
for all four of the temperature conditions, showed that the microcapsule combinations of 
CAPSUL, K-4484 and K-4484 with Hi Maize incorporation had the lowest stability of 
AA in the microcapsules during the storage trial. The retention of AA for these 
combinations after six months under the harshest conditions (those of 48 C, Figure 9.1) 
were approximately 21% for CAPSUL, 62% for K-4484 and 65% for K-4484 with 
incorporation of Hi Maize. The consistency of the data obtained showing low retention 
of AA for all storage temperatures trialled demonstrated that these combinations were 
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not suitable as protective agents for enhancing the retention of AA and further 
application in food products. However, other combinations of hydrocolloids agents 
which had retention of AA over 75% after 6 months periods of storage at 48 C 
demonstrated at least some potential to enhance stability and protect AA during long 
term storage under relatively extreme environmental conditions selected to reflect the 
most adverse requirements for ration pack components used by military personnel. 
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Figure 9.2 The results for mean AA content of each microcapsule preparation 
during storage at 37 C 
 Notes 1 Data shown is for all combinations of encapsulating agents for which 
6.0% of AA was incorporated into the capsule formulation. 
  2 In the legend presented on the right hand side the capsules have been 
ranked in order according to their decreasing effectiveness in retaining 
AA. 
  3 This ranking has been based upon the rates of loss calculated using the 
approach described in Sections 4.16 and 4.17.  
   4 The trial combination number for each microcapsule preparation is 
shown by the number in parentheses inside the legend. 
 
An overall summary comparison of the rate of AA degradation for the thirteen 
combinations of encapsulating agents over the period of the storage study is presented 
in Figure 9.5 with errors bars which represent 95% confidence interval values of the 
analyses. These results allow comparisons in conjunction with the data in Figures 9.1-
9.4, which also demonstrate that CAPSUL, K-4484 and K-4484 with Hi Maize 
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incorporation gave higher rates of loss of AA. This applies particularly to CAPSUL 
which had the highest change in percentage of retention of AA during storage. In 
addition, when F17 was used alone for microencapsulation, there was significant 
degradation of AA although not as high as those for the three combinations identified 
above. The remaining nine combinations appeared to have relatively similar rates of 
loss of AA to each other under the high storage temperatures. 
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Figure 9.3 The results for mean AA content of each microcapsule preparation 
during storage at 30 C 
 Notes 1 Data shown is for all combinations of encapsulating agents for which 
6.0% of AA was incorporated into the capsule formulation. 
  2 In the legend presented on the right hand side the capsules have been 
ranked in order according to their decreasing effectiveness in retaining 
AA. 
  3 This ranking has been based upon the rates of loss calculated using the 
approach described in Sections 4.16 and 4.17. 
  4 The trial combination number for each microcapsule preparation is 
shown by the number in parentheses inside the legend. 
 
To facilitate direct comparison of results obtained at each temperature, the rates of loss 
of AA for each particular combination/temperature/time were calculated using the 
approach detailed in Sections 4.16 and 4.17. Based upon the resultant rate values, the 
data for all thirteen capsule combinations are summarised in Figure 9.5. This firstly 
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demonstrates that the losses observed were lower as the temperature of storage was 
reduced. However, the changes in retention of AA in the microcapsules samples for 
each of the lower storage temperatures (37, 30 and 20 C) were generally similar and 
not significantly different from those of other combinations at the same temperature. 
This is shown by the confidence interval of some of the combinations which appeared to 
overlap at lower temperatures. The rates of loss at the highest temperature of 48 C for 
each of the microcapsule preparations appeared to be significantly different from those 
obtained at the lower temperature, with the exceptions of the microcapsules prepared 
using F17 and Instant 449. The latter appeared to show similar AA stability over the 
four different temperatures trialled in this study. 
 
0
10
20
30
40
50
60
70
80
90
100
110
0 5 10 15 20
Time of storage (months)
R
e
te
n
ti
o
n
 o
f 
a
sc
o
rb
ic
 a
ci
d
 (
%
)
F17+GA+Hi Maize (3)
F30+Instant 449 (5)
F30+GA (4)
F30+Instant MAPS (8)
F30+GA+Hi Maize (6)
F17+GA (1)
F17+Instant 449 (2)
F17 (10)
F17+Instant MAPS (7)
Hi CAP 100 (11)
K-4484 (12)
K-4484+Hi Maize (13)
CAPSUL (9)
 
 
Figure 9.4 The results for mean AA content of each microcapsule preparation 
during storage at 20 C 
 Notes 1 Data shown is for all combinations of encapsulating agents for which 
6.0% of AA was incorporated into the capsule formulation. 
  2 In the legend presented on the right hand side the capsules have been 
ranked in order according to their decreasing effectiveness in retaining 
AA. 
  3 This ranking has been based upon the rates of loss calculated using the 
approach described in Sections 4.16 and 4.17.  
  4 The trial combination number for each microcapsule preparation is 
shown by the number in parentheses inside the legend. 
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Figure 9.5 Comparison of rate of loss of various combinations of encapsulating agents during the storage trial 
 Notes 1 The details of the trial are listed in Table 4.5.  
  2 The level of incorporation of AA used for all of these combinations is 6.0%.  
  3 Error bars represent 95% confidence interval values. 
  4 The trial combination number for each microcapsule preparation is shown by the number in parentheses inside the legend. 
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The trial data has been evaluated statistically using SPSS software (as described in 
Section 4.16) and the analysis demonstrates significant differences at the p0.05 level 
for the retention of AA for various sets of results corresponding to the combinations of 
encapsulating agents/time/temperature. In the statistical results (Tables 9.1-9.4) the 
combinations are presented in an order which is based upon the rate of loss of AA and 
those followed by the same letter in the tables showed no significant difference at the 
designated p-value. In all cases, the degradation of AA is expressed in units of 
percentage of initial levels per month and the negative values indicate losses of AA over 
the storage period. 
 
Table 9.1 The statistical significance of the retention values for AA following 
storage of microcapsules at 48 C for six months 
 
Combination of encapsulating 
agents 
Differences 
observed 
Rate of change 
in AA 
5 F30+Instant 449 a, b -1.40 
8 F30+Instant MAPS a, b -1.43 
11 Hi CAP 100 a, b, c, d -1.71 
6 F30+GA+Hi Maize a, b, c, d -2.06 
2 F17+Instant 449 b, c, d -2.10 
4 F30+GA b, c, d, e -2.67 
3 F17+GA+Hi Maize d, e, f -3.15 
1 F17+GA e, f -3.37 
7 F17+Instant MAPS e, f -3.42 
10 F17 g -9.09 
13 K-4484+Hi Maize h -12.5 
12 K-4484 h -14.0 
9 CAPSUL i -40.8 
 
Notes 1 The combination numbers are as presented in Table 4.5. 
 2 Combinations are presented in order based upon the retention of AA and 
those followed by the same letter within the column designated 
‘Differences observed’ are not statistically different at p0.05. 
 3 The rate values are expressed in units of percentage of initial levels per 
month; negative values indicate losses over time. 
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The statistical data (Tables 9.1-9.4) show that CAPSUL had the highest rate of AA 
degradation and the values are significantly different when compared with those for all 
other combinations at the various storage conditions. This was followed by K-4484 as 
well as K-4484 with Hi Maize addition, for which both of the combinations were 
statistically different for 37 C storage temperature. The ranking of the rate of loss of 
AA of other combinations throughout the study varied and these depended on the 
temperature of storage. 
 
Table 9.2 The statistical significance of the retention values for AA following 
storage of microcapsules at 37 C and fifteen months 
 
Combination of encapsulating 
agents 
Differences 
observed 
Rate of change 
in AA 
8 F30+Instant MAPS a, b -0.55 
5 F30+Instant 449 a, b -0.63 
11 Hi CAP 100 a, b, c -0.68 
3 F17+GA+Hi Maize b, c, d -0.88 
6 F30+GA+Hi Maize b, c, d -1.06 
4 F30+GA b, c, d -1.15 
2 F17+Instant 449 b, c, d -1.24 
7 F17+Instant MAPS d, e -1.34 
1 F17+GA c, d, e -1.47 
10 F17 d, e -3.44 
13 K-4484+Hi Maize f -4.52 
12 K-4484 g -4.65 
9 CAPSUL h -17.0 
 
Notes 1 The combination numbers are as presented in Table 4.5. 
 2 Combinations are presented in order based upon the retention of AA and 
those followed by the same letter within the column designated ‘Differences 
observed’ are not statistically different at p0.05. 
 3 The rate values are expressed in units of percentage of initial levels per 
month; negative values indicate losses over time. 
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Under harsh temperature conditions, the degradation values of AA with F17 as 
encapsulating agent were observed to be different statistically. In other lower 
temperatures, this combination showed similarity with other combinations of 
hydrocolloid agents. In addition, the statistical evaluation tables also demonstrate that 
for the remainder of the combinations the differences were not as large in relation to the 
loss of AA during the trial, with some of these not being statistically significant whereas 
some were different. Moreover, results for AA stability during the storage trial for all 
microcapsule preparations are summarised in Table 9.5. 
 
Table 9.3 The statistical significance of the retention values for AA following 
storage of microcapsules at 30 C and fifteen months 
 
Combination of encapsulating 
agents 
Differences 
observed 
Rate of change 
in AA 
5 F30+Instant 449 a -0.38 
8 F30+Instant MAPS a -0.53 
11 Hi CAP 100 a -0.57 
4 F30+GA a -0.84 
6 F30+GA+Hi Maize a -0.87 
7 F17+Instant MAPS b -1.12 
2 F17+Instant 449 b -1.17 
1 F17+GA b -1.23 
3 F17+GA+Hi Maize b -1.26 
10 F17 b -2.55 
12 K-4484 c -4.32 
13 K-4484+Hi Maize c -4.52 
9 CAPSUL d -15.0 
 
Notes 1 The combination numbers are as presented in Table 4.5. 
 2 Combinations are presented in order based upon the retention of AA and 
those followed by the same letter within the column designated ‘Differences 
observed’ are not statistically different at p0.05. 
 3 The rate values are expressed in units of percentage of initial levels per 
month; negative values indicate losses over time. 
 
Chapter 9 
 150
 
Table 9.4 The statistical significance of the retention values for AA following 
storage of microcapsules at 20 C and fifteen months 
 
Combination of encapsulating 
agents 
Differences 
observed 
Rate of change 
in AA 
3 F17+GA+Hi Maize a,b,c,e -0.47 
5 F30+Instant 449 a,b,e -0.48 
4 F30+GA a,b,e -0.56 
8 F30+Instant MAPS a,b,c,e -0.58 
6 F30+GA+Hi Maize a,b,c,e -0.63 
1 F17+GA a,b,c,e -0.86 
2 F17+Instant 449 a,c,d,e -0.96 
10 F17 c,d,e -0.96 
7 F17+Instant MAPS c,d,e -0.99 
11 Hi CAP 100 a,b,c,d,e -1.11 
12 K-4484 f -4.11 
13 K-4484+Hi Maize f -4.22 
9 CAPSUL g -13.7 
 
Notes 1 The numbering of combination is that presented in Table 4.5. 
 2 Combinations are presented in order based upon the retention of AA and 
those followed by the same letter within the column designated ‘Differences 
observed’ are not statistically different at p0.05. 
 3 The rate values are expressed in units of percentage of initial levels per 
month; negative values indicate losses over time. 
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Table 9.5 Summary presentation of results for AA stability during the storage trial for all microcapsule preparations 
 
20 C 30 C 37 C 48 C 
3 F17+GA+Hi Maize -0.47 5 F30+Instant 449 -0.38 8 F30+Instant MAPS -0.55 5 F30+Instant 449 -1.40 
5 F30+Instant 449 -0.48 8 F30+Instant MAPS -0.53 5 F30+Instant 449 -0.63 8 F30+Instant MAPS -1.43 
4 F30+GA -0.56 11 Hi CAP 100 -0.57 11 Hi CAP 100 -0.68 11 Hi CAP 100 -1.71 
8 F30+Instant MAPS -0.58 4 F30+GA -0.84 3 F17+GA+Hi Maize -0.88 6 F30+GA+Hi Maize -2.06 
6 F30+GA+Hi Maize -0.63 6 F30+GA+Hi Maize -0.87 6 F30+GA+Hi Maize -1.06 2 F17+Instant 449 -2.10 
1 F17+GA -0.86 7 F17+Instant MAPS -1.12 4 F30+GA -1.15 4 F30+GA -2.67 
2 F17+Instant 449 -0.96 2 F17+Instant 449 -1.17 2 F17+Instant 449 -1.24 3 F17+GA+Hi Maize -3.15 
10 F17 -0.96 1 F17+GA -1.23 7 F17+Instant MAPS -1.34 1 F17+GA -3.37 
7 F17+Instant MAPS -0.99 3 F17+GA+Hi Maize -1.26 1 F17+GA -1.47 7 F17+Instant MAPS -3.42 
11 Hi CAP 100 -1.11 10 F17 -2.55 10 F17 -3.44 13 K-4484+Hi Maize -9.09 
12 K-4484 -4.11 12 K-4484 -4.32 13 K-4484+Hi Maize -4.52 10 F17 -12.5 
13 K-4484+Hi Maize -4.22 13 K-4484+Hi Maize -4.52 12 K-4484 -4.65 12 K-4484 -14.0 
9 CAPSUL -13.7 9 CAPSUL -15.0 9 CAPSUL -17.0 9 CAPSUL -40.8 
 
Note Comparisons are for all capsules in which AA was incorporated at 6% levels of addition, for all four temperatures of storage. Data for each temperature has been 
presented as combination number (refer Table 4.5), followed by the combination of encapsulating agents and then the rate value obtained for loss of AA, expressed 
in units of % per month. For each temperature, the combinations of encapsulating agents are ranked in order from highest retention of AA during storage 
(uppermost) to least (lowest in the columns for each temperature). The background colours designate the particular combination of encapsulating agents. The 
colour coding has been used to facilitate comparisons between the rankings of retention for the four temperatures. Note that the approach used in the calculation of 
the values for rate of loss of AA is described in Sections 4.16 and 4.17. 
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9.3 The impact of storage on microcapsules 
 
The impact of storage upon the various microcapsule preparations was extended to an 
evaluation of the morphology and integrity observed using the ESEM. For this, samples 
of each of the fifteen combinations were assessed at the completion of the trial for each 
of the four storage temperatures. The general observation for every sample was that 
there was very little apparent impact of storage on the appearance of the microcapsules. 
 
Whilst a large number of images were recorded, a limited number have been selected in 
order to demonstrate the results obtained. The examples chosen were for the highest 
temperature 48 C, corresponding to the harshest storage conditions of the trial. In 
addition, the three combinations were CAPSUL (Combination 9), which showed a 
relatively low retention of AA during storage, F30 and Instant MAPS (Combination 8) 
which had quite high stability of AA under these conditions and F17 (Combination 10) 
for which retention was intermediate between those of the other two combinations 
chosen. 
 
The selected images are presented in Figures 9.6-9.8 and these firstly show a direct 
comparison of the typical morphologies of microcapsules before the storage trial and for 
samples after storage. In addition, images are presented that show unusual structures 
which were not observed prior to storage. It is emphasised that these latter structures 
were only found as a very small proportion of the overall number of microcapsules and 
it is estimated that the relative occurrence of the unusual materials was much less than 
one percent of all particles. 
 
It is noted that the structures highlighted in the micrographs (Figures 9.6-9.8 (C) and 
(D)) appear to indicate some breakage which may reflect mechanical damage. It is not 
clear whether this resulted specifically from the storage or the transportation and 
handling of the samples. However it may reflect the latter due to the absence of such 
structures in the samples prior to storage as well as the lack of a clear increase in the 
observed proportions of the structures for samples stored for increasing periods of time. 
 
The observations of the capsules for the combination CAPSUL demonstrate that most 
still had intact structures despite the low retention of AA after six months storage at the 
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higher temperature. This confirms that the relative stability of the AA incorporated into 
the capsules was related to the effectiveness of the encapsulating agents in providing a 
protective barrier, rather than a loss of mechanical integrity of the microcapsules. 
 
Finally, from all of the observations made on the capsule images, including those in 
Figures 9.6-9.8, the primary conclusion is that the structures of the microcapsules 
generally remained intact and had good integrity following the storage trial.  
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Figure 9.6 The impact of storage on appearance of microcapsules for CAPSUL (Combination 9) after six months storage at 48 C  
Note (A) Microcapsules before storage trial, (B) Typical pattern after storage, (C) and (D) Selected examples of unusual structures 
(indicated by the arrows), not originally seen in the previous image A, which are present as a small proportion. 
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Figure 9.7 The impact of storage on appearance of microcapsules for F30 and Instant MAPS (Combination 8) after six months 
storage at 48 C  
Note (A) Microcapsules before storage trial, (B) Typical pattern after storage, (C) and (D) Selected examples of unusual structures 
(indicated by the arrows), not originally seen in the previous image A, which are present as a small proportion. 
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Figure 9.8 The impact of storage on appearance of microcapsules for F17 (Combination 10) after six months storage at 48 C 
Note (A) Microcapsules before storage trial, (B) Typical pattern after storage, (C) and (D) Selected examples of unusual structures 
(indicated by the arrows), not originally seen in the previous image A, which are present as a small proportion. 
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9.4 The statistical analysis of retention data from the storage trial 
 
The results were also analysed statistically by ANOVA using Minitab software (Section 
4.17) and the data evaluated in regards to the significance at p0.05, of various factors 
including combination, storage temperature and batch on the stability of AA over the 
period of the trial. The overall results (Appendix 20) for the thirteen combinations of 
encapsulating agents showed that these factors significantly affected the rate of loss of 
AA. Examples of effects plot between the batches factor and the rate of AA degradation 
during storage are presented in Figure 9.9. 
 
321
4.05
4.00
3.95
3.90
3.85
3.80
3.75
3.70
Batch No
M
ea
n
Main Effects Plot for AA
Data Means
 
 
Figure 9.9 The effect of batch on the results obtained for stability of AA  
 Notes 1 The effect plot was obtained using ANOVA and Minitab software (Section 
4.17). 
  2 The means on the y-axis refer to the average rate of AA degradation 
during storage. 
  3 For each of the thirteen combinations, three batches were prepared and 
analysed, with the exception of Hi CAP 100 (see Section 4.6). 
 
The statistical analysis also demonstrated that there were significant interactions 
between the factors of combination and batches as well as between combination and 
temperature conditions on stability of AA during storage. However, no significant 
interaction was observed for the effect of temperature and batch on the rate of loss of 
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AA. Examples of interaction plots are presented in Figures 9.10 and 9.11, which show 
the interaction between combination and temperature conditions from two different 
perspectives. The first focuses on the combinations of hydrocolloid agent as a factor, 
whereas the latter emphasises the temperature conditions. 
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Figure 9.10 The rate of loss of AA for thirteen combinations of encapsulating 
agents at different temperatures 
 Notes 1 The effect plot was obtained using ANOVA and Minitab software 
(Section 4.17). 
 2 The details of the combinations are presented in Table 4.5. 
  3 The means on the y-axis refer to the average rate of AA degradation 
during storage. 
  4 The numbering for temperature is from lowest to highest, that is one 
corresponds to 20, two to 30, three to 37 and four to 48 C. 
 
The plots (Figures 9.10 and 9.11) demonstrate results consistent with the previous 
statistical data obtained using SPSS. Those presented in Figure 9.10 also clearly 
confirm that CAPSUL (Combination 9), K-4484 (Combination 12) and K-4484 with Hi 
Maize incorporation (Combination 13) gave significantly higher rates of loss of AA, 
followed by the F17 (Combination 10) which had significant degradation of AA at the 
various storage temperatures, with the exception of 20 C. As noted in the previous 
discussion, the other nine combinations appeared to have quite similar rates of loss at 
Chapter 9 
 
 159
each of the different temperatures. The results in Figure 9.11 show that the degradation 
of AA was affected more obviously at the extreme temperature condition of 48 C, 
shown by the blue line. In general, the effect of temperature was less apparent at lower 
temperatures (37, 30 and 20 C). 
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Figure 9.11 The rate of AA degradation at different storage temperature in 
various microcapsule preparations 
 Notes 1 The interaction plot was obtained using ANOVA and Minitab software 
(Section 4.17). 
  2 The details of the combinations are presented in Table 4.5. 
  3 The means on the y-axis refer to the average rate of AA degradation 
during storage. 
  4 The numbering for temperature is from lowest to highest, that is one 
corresponds to 20, two to 30, three to 37 and four to 48 C. 
 
The results are also presented in terms of the estimated shelf life of the thirteen 
combinations trialled in this study. The data are expressed as half life values (Table 9.6) 
and these demonstrate the relative effectiveness of the combinations in protecting AA 
during the storage trial. The estimated t1/2 is generally reduced as the storage 
temperature increased. Under the highest temperature conditions used here, the t1/2 
values for many of the combinations are in the range of thirteen to thirty months. 
CAPSUL appeared to have the lowest t1/2 which is consistent with the earlier discussion. 
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It is noted that even at the lowest temperature, the t1/2 of CAPSUL is very low, 
corresponding to approximately 8 months. In addition, it is noted that although some of 
the combinations appeared to have quite different t1/2 values, the earlier results of Tables 
9.1-9.4 have shown that the retention of AA for many of the more effective 
combinations is not significantly different. 
 
Table 9.6 The estimated t1/2 of AA during storage of microcapsules at different 
storage temperatures 
 
Combination of 
encapsulating agents 
t1/2 (months) 
20 C 30 C 37 C 48 C 
1 F17+GA 59.9 41.4 34.5 15.3 
2 F17+Instant 449 51.0 42.0 37.6 23.2 
3 F17+GA+Hi Maize 74.8 41.7 53.7 16.9 
4 F30+GA 84.6 57.7 42.2 18.7 
5 F30+Instant 449 100.7 126.7 76.4 35.4 
6 F30+GA+Hi Maize 74.8 54.7 44.1 23.1 
7 F17+Instant MAPS 45.1 39.4 32.7 13.4 
8 F30+Instant MAPS 79.5 86.8 83.0 33.9 
9 CAPSUL 8.0 3.0 3.0 1.5 
10 F17 47.3 29.0 24.2 10.2 
11 Hi CAP 100 44.5 81.6 68.8 28.4 
12 K-4484 22.9 17.7 15.3 7.1 
13 K-4484+Hi Maize 24.5 21.0 17.6 8.2 
 
Notes 1 The combination numbers are as presented in Table 4.5. 
 2 The t1/2 is the time taken for the initial level of AA to be reduced by fifty percent and the 
details of the calculation are presented in Section 4.15.  
 
A further summary of the results has been prepared in which the impact of temperature 
has been expressed in terms of Q10 values. These were calculated from the respective 
rate values as described in Section 4.15 and the results are presented in Table 9.7. The 
data again confirm the expected effect of temperature for the various combinations with 
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higher rates of loss occurring as the temperature increases. Overall the Q10 values are 
around 2 reflecting a doubling of the rate of loss as the temperature is increased by ten 
degrees. However, for most combinations, the data does indicate that the Q10 between 
37 and 48 C is higher than that between 30 and 37 C and this is, in turn, higher than 
that for 20 to 30 C. This is consistent with higher temperatures being more likely to 
result in losses during storage under field conditions. 
 
Table 9.7 The Q10 values for each temperature range studied for the various 
combinations of encapsulating agents 
 
Combination of encapsulating 
agents 
Temperature range (C ) used in 
calculating Q10 values  
20 to 30 30 to 37 37 to 48 
5 F30+Instant 449 0.80 2.37 2.01 
8 F30+Instant MAPS 0.90 1.50 2.35 
11 Hi CAP 100 0.51 1.71 2.28 
6 F30+GA+Hi Maize 1.38 1.75 1.77 
2 F17+Instant 449 1.23 1.51 1.54 
4 F30+GA 1.50 1.95 2.11 
3 F17+GA+Hi Maize 2.68 1.00 3.24 
1 F17+GA 1.44 1.70 2.09 
7 F17+Instant MAPS 1.13 1.71 2.32 
13 K-4484+Hi Maize 1.07 1.43 1.83 
10 F17 2.66 1.93 3.31 
12 K-4484 1.05 1.54 2.73 
9 CAPSUL 1.12 1.61 2.19 
 
Notes 1 Data is shown for capsules prepared with 6.0% AA incorporation. 
 2 The calculation of the values is described in Materials and method Section 
4.15. 
 3 The order in which the combinations have been presented is based on the 
stability of AA during storage at 48C (Figure 9.1). 
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Over recent years there have been various studies on microencapsulation of food 
ingredients using a range of encapsulating agents. A large proportion of this has 
involved the use of spray drying technology particularly for encapsulation of flavour 
components and other lipophilic components (Table 3.3). Specific research into 
microencapsulation of water soluble vitamins has been limited. In previous work 
referring to AA, this has generally been incorporated into capsules in combination with 
other active ingredients and the role of the AA has been as an antioxidant to enhance the 
protection of other materials.  
 
The results obtained from the storage trial study demonstrate that most of the 
encapsulating agent combinations show effectiveness in protecting and stabilising AA 
under the range of storage temperatures trialled here. Each of the hydrocolloid agents 
for encapsulation appears to differ in terms of effectiveness therefore blends that were 
not evaluated in this study might give performance superior to that obtained using one 
ingredient alone and in some cases might significantly reduce costs as well as 
improving the effectiveness of encapsulation (Kenyon, 1995). 
 
The general selection of hydrocolloid agents for evaluation for protecting AA in this 
study was based upon the literature review presented in Section 3.5. One group of 
encapsulating agents which has been reported in the literature is the maltodextrins. 
These are available in a variety of different DE values and can be incorporated in 
various combinations for microencapsulation due their beneficial characteristics, 
particularly for low viscosity, low cost, ready availability, bland taste and free flowing 
properties. These features provide the function of maltodextrin as bulking agents in 
capsule combinations. Another hydrocolloid agent used is GA which is known to have 
good protective effects against oxidation particularly for flavour and lipophilic 
components. Due to the high cost and limited supply, GA has previously been blended 
with maltodextrins of different DE values. The data obtained in the current study 
showed that these combinations give relatively good protection in enhancing the 
stability of AA during storage. The retention of AA observed for the combinations 
described here was higher than when maltodextrin was used alone as encapsulating 
agent. Although the use of individual maltodextrins only in the preparation of capsules 
demonstrated some protection of AA, the additional inclusion of GA as binding agent 
Chapter 9 
 
 163
increased the stability of AA during the storage trial. The results indicate that 
maltodextrins have lower protective properties against oxidation compared with GA. 
 
Instant MAPS and Instant 449 have been trialled in this study as encapsulating agents. 
They have similar properties: both are pre-gelatinised, modified waxy maize starches 
which are capable of thickening in cold liquids (refer to Appendices 4 and 5 
respectively). The results obtained from the incorporation of either Instant MAPS or 
Instant 449 in microcapsules preparations demonstrated the effective performance of 
these capsules with relatively low rates of loss of AA over the period of the trial. The 
thickening properties of these two wall materials appeared to provide the ability to act 
as binding agents in the capsule structure. This characteristic would result in the binding 
of the encapsulating agents and core material together strongly thereby protecting the 
AA from the external environment particularly against oxidation during storage. 
 
Selected hydrocolloid agents, including Hi CAP 100, K-4484 as well as CAPSUL, were 
also trialled singly in this study. The data show that Hi CAP 100 gave much better 
performance compared with K-4484 and CAPSUL in protecting AA in microcapsules 
under the various temperatures of storage. This might be due to the characteristics of Hi 
CAP 100 (Appendix 9) which provides excellent resistance to oxidation and relatively 
low viscosity at high concentration. The stability of AA in microcapsules was relatively 
low when CAPSUL and K-4484 were used as encapsulating agents. Based on the 
features of CAPSUL and K-4484 described in the product specifications (Appendices 7 
and 8 respectively), both CAPSUL and K-4484 have good film forming properties and 
low viscosity at high concentrations. In addition K-4484 is also claimed to demonstrate 
properties as an effective binding agent. Despite possessing apparently advantageous 
characteristics, these encapsulation agents appeared to lack the ability to protect against 
oxidation, which affected the retention of AA during the period of the storage trial. 
 
9.5 Evaluation of maltodextrins of differing dextrose equivalent on the 
retention of ascorbic acid in various combinations of microcapsules  
 
The combinations of encapsulating agents used for the microcapsules provide data 
which is novel and may prove useful as a basis for choosing ingredients for other spray 
drying applications. The data obtained from this study allowed the direct comparison of 
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maltodextrins having two differing DE values, reflecting differences in the extent of 
hydrolysis employed during their manufacture where possible direct comparisons have 
been made between capsules having F17 and F30 in combination with other 
encapsulating agents. The relevant data for storage at the highest temperature trialled 
has been summarised in Table 9.8 and the results have been evaluated based upon the 
significant effect at p0.05. These demonstrate that for most of the pairs of data, the DE 
of the maltodextrin used did not strongly influence the rate of loss of AA during the 
storage trial. The particular exception was for those combinations which included 
Instant MAPS in formulations used for preparation of microcapsules. 
 
Table 9.8 The comparison of the influence of DE of maltodextrin during storage 
of microcapsules at 48 C for six months 
 
Encapsulating agents 
using in combination with 
the maltodextrins 
Rate of change in AA 
F17 F30 
GA -3.37a -2.67a 
Instant 449 -2.10a -1.40a 
GA+Hi Maize -3.15a -2.60a 
Instant MAPS -3.42a -1.43b 
 
Notes 1 For combinations followed by the same letter within the same row, the differences 
observed are not statistically different at p0.05. 
 2 The rate values are expressed in units of percentage of initial levels per month; 
negative values indicate losses over time. 
 
Based upon the relevant literature found on microencapsulation using maltodextrins, 
there appear to be different effects in some of the reported studies. A study on the shelf 
life of anthocyanin demonstrated that there was no effect found on the anthocyanin 
content in the capsules with the usage of different maltodextrin types as wall materials 
(Ersus & Yurdagel, 2007). The review by Kenyon and Anderson (1988) described 
conflicting observations on the effect of different DE of maltodextrin in increasing the 
retention of food ingredients in microcapsules. It was noted that the average retention of 
combined volatile components in microcapsules decreased with an increase in the DE of 
maltodextrin, whereas another study observed an increase in protection of encapsulated 
orange oil during storage with an increase in DE of matrix solids (Kenyon & Anderson, 
Chapter 9 
 
 165
1988). Another review also illustrated that hydrolysed starches with increasing DE 
provide protection for volatiles materials against oxidative deterioration. This led to the 
suggestion that the protection afforded by higher DE products could be due to the 
presence of the smaller hydrolysis products including oligosaccharides, which promote 
oxidative stability by forming a much more effective oxygen barrier (Re, 1998). The 
results obtained in this current study are generally consistent with the observations 
reported by Ersus and Yurdagel (2007), who found no effect of different DE of 
maltodextrin on retention of anthocyanin during a shelf life study. Despite the 
apparently conflicting results in the literature, the incorporation of maltodextrin in the 
microcapsule combinations (Table 9.8) has clearly demonstrated the effectiveness of 
protection and enhanced retention of AA during the storage trial reported in this chapter.  
 
9.6 The evaluation of the effect of Hi Maize on retention of ascorbic acid in 
capsules using various encapsulating agents  
 
A further comparison made from the current data has been the evaluation of the impact 
of Hi Maize on AA retention. The results for the highest temperature of storage are 
summarised in Table 9.9 and again the statistical significance is presented in terms of a 
probability of p0.05. The data shows that the addition of Hi Maize in the capsule 
preparations in conjunction with maltodextrins and GA (Combinations 3 and 6) as well 
as K-4484 (Combination 13) did not result in significant changes to the stability of AA 
during storage. It is emphasised that there has been very little reported on the inclusion 
of RS in microcapsules. Previous studies have primarily focused on encapsulation as a 
means to enhance the survival of probiotic bacteria while foods are being processed and 
stored as well as during transit through the upper gastrointestinal tract (Anal & Singh, 
2007; Topping, 2007). Although there was no significant effect of Hi Maize in 
increasing the stability of AA, this RS might still be a potential encapsulating agent for 
AA and would be expected to deliver nutritional benefits in human health particularly as 
sources of dietary fibre (Murphy, 2000; Thomas & Atwell, 1999).  
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Table 9.9 The comparison of rates of loss of AA for capsules incorporating Hi 
Maize in combination with other encapsulating agents during storage 
at 48 C for six months 
 
Encapsulating agents 
Incorporation of Hi Maize 
(Rate of change in AA) 
without with 
F30+GA -2.67a -2.06a 
F17+GA -3.37a -3.15a 
K-4484 -14.0a -12.5a 
 
Notes 1 For combinations followed by the same letter within the same row, the differences 
observed are not statistically different at p0.05. 
 2 The rate values are expressed in units of percentage of initial levels per month; 
negative values indicate losses over time. 
 
9.7 Observations of the effect of increasing ascorbic acid concentration on 
retention of AA in microcapsules during long term storage  
 
A further aspect of microencapsulation which was investigated has been the impact of 
varying levels of AA incorporation. This is often referred to as the loading of the active 
component. Three different loading levels (6.0, 18.0 and 36.0%) were studied here and 
the combination of encapsulating agents selected for evaluation was F17 with GA 
(Combination 1). The degradation of AA for these microcapsules is presented in Figure 
9.12 and the results showed overall trends of loss with varying rates at the three 
different core loadings during the storage trial. The retention values of AA for these 
three microcapsule preparations after a period of six months of the highest temperature 
of 48 C were approximately 82%, 95% and 93% for loading concentration of 6.0, 18.0 
and 36.0% respectively. 
 
Further statistical evaluation of the data (Table 9.10) obtained using SPSS software 
showed that there was a significant effect of increasing the core loading concentration in 
the microcapsule preparations. This effect was apparent between the microcapsules that 
had core loading 6.0% and the higher concentrations, except at the lowest storage 
temperature for which there was a similar rates of loss obtained during the trial. At the 
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higher loading concentrations of 18.0 and 36.0% AA, there was no statistically 
significant difference in rate over the storage period. 
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Figure 9.12 The impact of varying levels of incorporation of AA into the 
formulation for preparation of microcapsules using the combination 
of F17 and GA  
 Notes 1 Data shown is for samples stored at 48 C. 
  2 The trial combination number for each microcapsule preparation is shown 
by the number in parentheses inside the legend. 
 
The results of observing the impact of loading concentration were analysed statistically 
by ANOVA using Minitab software (Section 4.17) and the data evaluated in regards to 
the significant effect at p0.05. Various factors including combination, storage 
temperature and batches were considered in relation to the stability of AA during 
storage. The overall results (Appendix 21) of increasing AA loading show that the 
combination and temperature factors significantly affected the degradation of AA. The 
examples of effects plot between the batches factor and the rate of AA degradation 
during storage are presented in Figure 9.13 and it is noted that the batches of 
microcapsules did not influence the rate of loss during storage. 
 
The statistical analysis shows that there were significant interactions between the 
combination and temperature factors as they impacted on stability of AA during storage 
when the loading concentration was increased. However, no significant interaction was 
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observed between temperature and the batches factor as well as the combination and 
batches factors influencing the rate of loss of AA. Examples of interaction plots are 
presented in Figures 9.14 and 9.15 and these show the interaction between combination 
and temperature conditions in two different aspects that were mentioned previously in 
Section 9.3. 
 
Table 9.10 The statistical significance of the retention values for increasing AA 
concentration in GA+F17 combination following storage trial 
 
Concentration 
of AA in 
capsules (%) 
Rate of change in AA 
20 °C 30 °C 37 °C 48 °C 
6.0 (1) -0.86a -1.23a -1.47a -3.37a 
18.0 (14) -0.33a,b -0.08b -0.39b -0.86b 
36.0 (15) -0.41b -0.11b -0.03b -0.62b 
 
Notes 1 Combinations are presented in order based upon the concentration of AA in the 
microcapsules following storage temperature and for those followed by the same letter 
within the same column differences observed are not statistically different at p0.05. 
 2 The rate values are expressed in units of percentage of initial levels per month; negative 
values are indicating losses over time. 
 3 The storage period of the 48 °C is 6 months, while the storage period of other 
temperatures is 15 months. 
 4 The trial combination number for each microcapsule preparation is shown by the number 
inside the parentheses on the right hand side of the values for the concentration of AA in 
the capsules (Column 1).  
 
The interaction results (Figures 9.14 and 9.15) demonstrate clearly that the increasing 
concentration of AA in the microcapsules preparation enhanced the stability of AA 
observed during storage of the microcapsules. As noted previously, the data show that 
the significant effect was only apparent between the microcapsules that has core loading 
6.0 and the higher concentrations, with the exception of the lowest storage temperature 
for which similar rates of loss were observed during the trial. 
 
In an evaluation of volatile ingredients by Re (1998), it was noted that the use of a 
relatively high core to wall material ratios provided high core retention for the 
microcapsules. This was thought to involve the minimisation of the effects of the wall 
material on physical and/or physicochemical characteristics of the product. Specifically, 
these effects might include formation of insoluble complexes and molecular association 
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of the encapsulating matrix with the volatile molecules through hydrogen bonds (Re, 
1998). The results obtained in the current study on shelf life of the microcapsules 
demonstrated that the stability of AA was enhanced by increasing the loading. 
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Figure 9.13 The effect of batches on increasing core loading concentration 
 Notes 1 The effects plot was obtained using ANOVA and Minitab software 
(Section 4.17). 
  2 The mean values on the y-axis refer to the average rate of AA 
degradation during storage. 
  3 The combinations analysed in this plot were F17 and GA mixture with 
different core loading of AA concentration (6.0, 18.0 and 36.0%).   
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Figure 9.14 The interaction of rate of loss in increasing proportion of AA in 
F17 and GA combination at different temperature 
 Notes 1 The interaction plot was obtained using ANOVA and Minitab software 
(Section 4.17). 
  2 The numbering of the combination was based on the loading 
concentration of AA in the microcapsules from the lowest to highest 
proportion which were 6.0, 18.0 and 36.0% respectively. 
  3 The mean values on the y-axis refer to the average rate of AA 
degradation during storage. 
  4 The numbering for temperature is from lowest to highest, that is one 
corresponds to 20, two to 30, three to 37 and four to 48 C. 
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Figure 9.15 The interaction of rate of loss at different storage temperature at 
different AA concentration in F17 and GA combination 
 Notes 1 The interaction plot was obtained using ANOVA and Minitab software 
(Section 4.17). 
  2 The numbering of the combination was based on the loading 
concentration of AA in the microcapsules from the lowest to highest 
proportion which were 6.0, 18.0 and 36.0% respectively. 
  3 The mean values on the y-axis refer to the average rate of AA 
degradation during storage. 
  4 The numbering for temperature is from lowest to highest, that is one 
corresponds to 20, two to 30, three to 37 and four to 48 C. 
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9.8 The summary of stability of ascorbic acid during storage trial 
 
The results obtained in this phase of the study showed that most of the encapsulating 
agent combinations used were effective in providing protection and enhancing the 
stability of AA during the long term periods at the different temperature conditions. 
Some variations in the patterns and relative retention rankings were observed at the four 
different temperatures (Table 9.5). However, the microcapsule combinations of F17, 
CAPSUL, K-4484 and K-4484 with Hi Maize gave significantly higher rates of loss of 
AA compared with other encapsulating materials. It was generally observed that the 
combination of several hydrocolloid agents provided enhanced performance and 
encapsulating ability, resulting in higher levels of retention of AA. The data also 
demonstrated that higher temperatures were more likely to result in losses of AA during 
storage and this is likely to be reflected in the stability that might be found under field 
conditions. 
 
The statistical assessments performed during this study showed that the DE of the 
maltodextrin used did not strongly influence the rate of loss of AA in the storage trial. 
Exceptions were noted for those combinations which included Instant MAPS in 
formulations used for preparation of microcapsules. The data also demonstrated that the 
incorporation of Hi Maize did not affect the rate of loss of AA throughout the storage 
period. However, this material as a RS might remain a potential encapsulating agent for 
AA due to its other advantages including nutritional benefits to health particularly as a 
source of dietary fibre.  
 
Furthermore, the study also found the significant effect of increasing the core loading 
concentration in the microcapsule preparations. This effect was apparent between the 
microcapsules having a core loading of 6.0% and higher concentrations, except at the 
lowest storage temperature for which similar rates of loss were obtained during the trial. 
At higher loading concentrations (18.0 and 36.0% of AA) the retention was very high 
and there was no statistically significant difference in the loss of AA from the 
microcapsules during the storage trial. 
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Chapter 10 
 
General discussion and conclusion 
 
This chapter briefly summarises the results obtained during the current study, draws 
final conclusions and makes recommendations for further research that might extend 
and develop the results presented in this thesis. 
 
10.1 Introduction 
 
A number of micronutrients and other food components are essential to wellbeing. 
Inadequate intakes are known to influence health and performance and there is now 
evidence that this may be a significant issue for military personnel. In particular those 
on active duty and relying on combat ration packs might benefit if their foods were 
fortified with at least some vitamins and possibly other components that benefit health 
and wellbeing. Among the issues are the increased requirements for active duties, the 
long storage periods of the food products as well as the adverse conditions the foods 
might be subjected to prior to consumption.  
 
The development of strategies to address these concerns needs to take account of the 
stability of the active compounds during processing and storage of the foods. One key 
issue is the relative instability of some of these important components. This can result in 
significant losses both during processing as well as storage of food products and these 
losses may approach 100% for some essential nutrients. 
 
One technology that may assist in reducing losses of nutrients in foods is 
microencapsulation. This is designed to protect sensitive materials and enhance stability 
while facilitating controlled release under appropriate conditions. Encapsulation has 
been used for a number of years in various industries, particularly for pharmaceutical 
applications. However, it is only quite recently that food applications have been 
investigated. Most of the research published on foods has so far been primarily focussed 
on fat-soluble components with an emphasis on the encapsulation and release of 
flavourings. Relatively little work has been reported on water-soluble food components. 
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This partially reflects the difficulties in finding encapsulating agents which are effective 
for water soluble materials, facilitate release in the digestive system whilst being both 
safe for food purposes as well as relatively inexpensive.  
 
Accordingly, the broad aim of this work has been to provide practical approaches and a 
sound scientific basis for a strategy to enhance the intakes of water soluble 
micronutrients by military personnel. The specific objectives have been to evaluate 
microencapsulation as a way to enhance retention with a focus upon AA. 
 
The basis for selecting AA for this study has been that it is very soluble in water as well 
as being chemically unstable during processing and storage of foods. The losses 
reported have been as high as 80% after 160 minutes in alkaline solutions. In the case of 
fortified instant noodle processing, the rate of loss of AA was increased when heat was 
applied during the processing. It was also noted that only one third of the initial AA 
content remained in the cooked fortified noodle prior to consumption. Whilst some of 
the factors influencing stability are known, there have been very few previous studies in 
which microencapsulation has been studied as a means of enhancing AA retention. 
  
In the current investigation a series of eight possible encapsulating agents has been 
used. Some of these (maltodextrins and GA) have been selected on the basis of the 
limited previous reports on flavourings whereas others are new commercial products 
specifically promoted by their manufacturers as microencapsulating agents. Various 
combinations of the encapsulating agents have been used to prepare thirteen different 
forms of encapsulated AA using the technique of spray drying.  
 
10.2 Summary of results and discussion 
 
The trials have shown that the yields of microcapsules recovered from these 
combinations of wall materials were relatively high with a minimum of 75% recovered 
from each spray drying run. Based on the high retention of AA remaining after the spray 
drying process, it has been demonstrated that this micronutrient can be effectively 
encapsulated using these safe food ingredients which include starch based materials, GA 
and combinations of these.  
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The microcapsules produced using various combination of encapsulating agents has low 
moisture content (range of 2.7 to 8.2%) as well as low Aw (up to 0.5), which are results 
which might be expected where the spray dying process is used. Due to these 
characteristics, the capsules would be expected to have virtually no risk of microbial 
growth and the potential shelf life would be for long periods. 
 
The resultant capsules were uniform small particles having good integrity, no significant 
occurrence of cracks and typical sizes were of 10-60 µm diameter. The surface integrity 
of these microcapsules demonstrates the effectiveness of spray drying as a means of 
microcapsule formation in order to enhance the retention of AA in various processing 
and storage conditions. The relatively fine and uniform sizes of capsules produced in 
this trial would facilitate a homogenous distribution when incorporated into food and 
would also avoid the graininess attributes during consumption. 
 
The statistical analysis on the effect of individual hydrocolloids agents on the sizes of 
the resultant microcapsules produced demonstrated that there were some influence on 
the particle size in relation to the selection of the wall materials used in the trial. 
However, only a few of the wall materials showed some influence. For instance the 
incorporation of Hi Maize in the microcapsule combination tended to increase the 
particle diameter whereas both of the maltodextrins decreased the size of the capsules. 
This study is helpful in providing a general understanding of particle size effects which 
can be used to predict capsules sizes for different types of wall materials including 
varying the relative proportions of the materials. 
 
The morphology of microcapsules during the storage trial was also observed and 
evaluated. The images showed that there were very small proportions of unusual 
structures and breakages found in the micrographs. Moreover, there was no clear impact 
on the morphology of capsules during storage. The structures of the capsules generally 
had good integrity under even the most extreme conditions of the long term storage 
trial. In addition, the overall structures of the capsules were primarily influenced by the 
microencapsulation technique and the wall materials used in this trial. 
 
The effects of storing these capsules has been evaluated through a long-term storage 
trial at temperatures of up to 48 C and a number of the microcapsule preparations 
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showed excellent characteristics in retaining AA with minimal losses. The statistical 
analysis of the stability of AA during the storage trial demonstrated that there are a 
number of combinations of encapsulating agents which appeared to be effective in 
protecting the AA over an extended period of time. This can then lead to future research 
including the evaluation of their application in the formulation of food products. The 
combinations showing greatest potential were: F30 with Instant 449, F30 with Instant 
MAPS, Hi CAP 100, F17 with Instant 449 and F30 with GA as well as incorporation of 
Hi Maize. As expected, the study also demonstrated that generally, the rate of loss 
decreased as the storage temperature was reduced.  
 
The statistical analysis demonstrated that the use maltodextrins differing in DE value 
did not have a strong impact on retention and the incorporation of Hi Maize into the 
combination of encapsulating agent did not increase the recovery of AA significantly. 
However, Hi Maize in the food may be useful in increasing the nutritional value. In 
addition, the effect of adding different loadings of AA into the microcapsules has been 
established and higher levels had the best retention properties at all of the temperatures 
studied. 
 
The microcapsules were also observed using X-ray diffraction to evaluate the molecular 
structure of the wall materials used for microencapsulation as well as resultant capsules. 
The data demonstrated that some degree of crystallinity was present in three of the 
encapsulating agents and these were Hi Maize, CAPSUL and K-4484, whereas the 
remaining hydrocolloid agents showed amorphous structure. It was noted that the 
presence of some degree of crystalline structure in initial encapsulating agents resulted 
in this being maintained in the final structure of resulting microcapsules.  
 
Furthermore, the selection of encapsulating agents was found to greatly affect the 
overall stability of AA. This was emphasised by the X-ray diffraction study which was 
observing the presence of crystallinity structure in the microcapsules. The retention of 
AA tended to be lower for those combinations showing evidence of crystallinity in the 
X-ray diffraction analysis. This indicates that amorphous structure, possibly associated 
with the presence of lower molecular weight carbohydrate fragments in the walls of the 
capsules, provides enhanced protection of the AA that has been encapsulated. 
Accordingly, the presence of crystallinity as determined by X-ray diffraction does not 
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appear to be useful in enhancing stability. This, however, does not preclude a potential 
advantage of crystallinity in terms of release characteristics of the active material and 
this may warrant further investigation. 
 
10.3 Major conclusions 
 
The final conclusions of this study are summarised here: 
 
1. Spray drying is an effective way to encapsulate AA, yielding uniformly fine 
particles in relatively high yields. In addition the retention of the core load of AA 
is very high during microencapsulation; 
 
2. Various starch based ingredients as well as GA are potentially useful 
encapsulating agents as the resultant capsules have good morphological 
characteristics and structural integrity;  
 
3. Various combinations of the hydrocolloid wall materials can provide 
microcapsules which are both small and uniform in size. These characteristics will 
facilitate effective incorporation into food product formulations; 
 
4. Storage of microcapsule preparations at a series of temperatures, ranging from 20 
to 48 C, for extended periods offers a means of comparing a large number of 
combinations of encapsulating agents. As there were similar trends in relative 
losses at the various temperatures, it is recommended that future trials be restricted 
to storage at fewer temperatures. For this, elevated temperatures would offer the 
most useful results along with effective use of storage and analytical resources; 
 
5. Effects of particular encapsulating agents on morphology and particle size were 
quite minor, whereas the relative retention rates of AA during storage varied 
widely with some combinations of encapsulating agents providing strong 
protection; 
 
6. Following storage and transportation, there was little change in the appearance and 
structure of the microcapsules which demonstrated excellent integrity; 
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7. From the direct comparison of the two maltodextrins (F17 and F30) it is 
concluded that higher degrees of hydrolysis gave enhanced retention of AA. The 
incorporation of Hi Maize did not offer enhanced retention of AA; 
 
8. X-ray diffraction is useful in estimating the crystallinity of starch for 
encapsulating agents and the resultant microcapsules, showing that granularity is 
not lost during the preparation of capsules by spray drying. However, higher 
degrees of crystallinity in the microcapsule preparations tended to be associated 
with reduced retention of AA; 
 
9. Preliminary investigation of a range of core loadings of AA clearly showed that 
the retention was significantly increased at higher loading levels and this also 
warrants further investigation; and 
 
10. Based upon the study of AA retention during the storage trial, five combinations 
of encapsulating agents particularly warrant further evaluation for their application 
in the formulation of food products. These are: F30 with Instant 449, F30 with 
Instant MAPS, Hi CAP 100, F17 with Instant 449 as well as F30 with GA and Hi 
Maize. 
 
10.4 Possible areas of further research 
 
The investigations reported in this thesis provide a suitable methodological basis for 
further research in this area, along with a strong foundation for further development of 
the strategies developed and described here.  
 
One of the significant outcomes of this research has been the first direct comparison of 
the use of a range of temperatures for storage of capsules. The data demonstrates that, as 
expected, the rates of loss attended to increase as temperature of storage increased. In 
addition, when the various combinations of encapsulating agents were ranked according 
the relative rates of loss of AA, the order of the combinations was similar (although not 
necessarily identical in all cases). On this basis, it is recommended that future retention 
studies might be expedited if fewer temperatures are used. As a result, there would be a 
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substantial reduction in the number of chemical analyses required. This, in turn, would 
allow a greater range of treatments to be studied. 
 
A further recommendation from the current studies relates to the extension of the 
preliminary evaluation of the impact of core loading levels upon the retention of AA in 
microcapsule preparations. The data presented here was restricted to only one 
combination of encapsulation agents and was also limited to three treatments 
(corresponding to 6, 18 and 36% of the total original solid material). It is recommended 
that a wider range of levels be trialled and that this be carried out using a combination 
of encapsulating agents that has been demonstrated to give high levels of retention from 
the series of combinations suggested in the conclusions presented here. It is also noted 
that this series of trials might usefully be combined with further evaluations suggested 
within these recommendations. 
 
From the statistical evaluation of the storage trial data of this thesis, a number of 
combinations appear to have good potential for application in food products. In 
particular, five have been identified as giving good retention characteristics under the 
conditions used for evaluation. It is therefore strongly recommended that capsules 
prepared with these combinations of encapsulation agents be incorporated into food 
products to further establish the level of protection provided to AA used as a fortificant 
in foods.  
 
In recommending that the capsules developed here be incorporated into a selection of 
food formulations, it is emphasised that the products should be selected to include a 
range of food types. These might be chosen to represent, for example, a variety of 
moisture/Aw as well as pH/acidity characteristics. It is certainly possible that the 
combination of encapsulating agents giving the highest retention properties might be 
different for different foods. 
 
In a broader context, there is a very much wider range of potential encapsulating agents 
which might be considered for evaluation if fewer temperatures of storage are used and 
more rapid approaches can be applied. The encapsulating agents might include 
additional starch-based materials, other carbohydrate hydrocolloids and non-
carbohydrate food ingredients. Among those which have been researched more recently 
Chapter 10 
 180
and which might be trialled in parallel with those identified from the current work are 
the combinations of alginate, pectin and rice starch, treated with calcium to enhance 
cross linking (Goh, Hau Fung Cheung, Al-Widyan, & Small, 2008; Hau, 2008).  
 
In the project reported here, a variety of techniques for evaluation of microcapsule 
characteristics have been utilised. It is recommended that these be adopted in future 
research in this area and that their application might be usefully extended. The 
preliminary results on the application of X-ray diffraction to the assessment of capsule 
characteristics warrants further study as it appeared to provide useful insights into the 
structure of microcapsules and the contribution of the various forms of starch to the 
structure as well as the effectiveness of microcapsules in retaining AA. 
  
The data presented in Chapter 7 provided preliminary results on the possible influence 
of particular encapsulating agents upon the characteristics of the resultant capsules. It 
was noted that some of these ingredients particularly F17, F30 and K-4484 had 
significant impact on the particle size of microcapsules and the use of these tended to be 
associated with smaller particle sizes. Although the differences were not large, it may be 
of interest to develop a systematic study designed specifically to elucidate the impact of 
wall ingredients and to further assess the significance of DE values of maltodextrins 
used for encapsulation. 
 
A further aspect of microencapsulation of food ingredients which has been beyond the 
scope of the current study is that of capsular release. One of the potential advantages of 
microencapsulation is that release properties of capsules can be designed to provide 
controlled or slow release of active agents. Alternatively the objective of encapsulation 
may be that of targeted release so that the active components are released under specific 
conditions. An example of this might be release within a particular stage of transit 
through the human digestive system. This would have the advantage of minimising 
losses in the sensitive micronutrients such as particular vitamins or other materials 
having potential benefits to health and well being. Up to date there has been relatively 
little attention to this significant property of microcapsules. In the context of release 
within the human digestive tract, there is a lack of standardised methodology that might 
be applied to studies of release although it has recently been suggested that in vitro 
analysis of digestibility might offer a useful approach to the evaluation of microcapsules 
Chapter 10 
 181
(Patty, Ratanavivan, & Small, 2010). As part of further characterisation and evaluation 
of the microcapsules developed in the current research program, it would be of 
particular value to pursue the idea of measuring release characteristics. In addition, the 
potential application of analyses of digestibility of foods to microcapsule preparations 
and to foods incorporating such capsules is strongly recommended.  
 
Another related area that may be useful is to extend the studies of the microcapsules to 
in vivo feeding trials utilising laboratory animals in order to more fully demonstrate the 
effectiveness of the protective and release properties of the capsules. Such studies 
would require careful consideration and attention to the ethical implications involved. 
 
The current work provides outcomes having the potential to enhance performance 
through the development of foods providing optimal intakes of AA. The strategies 
described may, in turn, be suitable for other important micronutrients as well as other 
food components having beneficial effects. These might include water soluble 
components, the B-group vitamins, antioxidants and other functional ingredients.  
 
Finally, may the work reported in this thesis provide a strong foundation and stimulus 
for such future research. It is hoped that the extension and adaptation of the strategies 
developed in the current study will have significant benefits to nutrition, well-being and 
immune status of the broader population and particularly for the overall performance of 
military personnel who find themselves in challenging, difficult and stressful situations 
under particularly harsh environmental conditions. 
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X-ray diffraction patterns for wall materials combination used in encapsulation of 
AA: F30 and Instant MAPS (Combination 8) (upper), F17 (Combination 10) 
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X-ray diffraction patterns for wall materials combination used in encapsulation of 
AA: K-4484 and Hi Maize (Combination 13) 
 
Appendices 
 
 48
 
Appendix 18 
 
 
 
 
 
The morphology of ascorbic acid food grade before spray drying solution 
preparations 
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The outer structure of Hi Maize before spray drying solution preparations (A) 
2500 and (B) 6000 magnification 
 
A 
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Appendix 20 
Analysis of variance for different thirteen combinations 
 
ANOVA: AA versus Combination, Batch No, Temperature  
 
Factor       Type   Levels  Values 
Combination  fixed      13   1,  2,  3,  4,  5,  6,  7,  8,  9, 10, 11, 12, 13 
Batch No     fixed       3  1, 2, 3 
Temperature  fixed       4  1, 2, 3, 4 
 
 
Analysis of Variance for AA 
 
Source                    DF        SS       MS        F      P 
Combination               12  4664.828  388.736  3172.51  0.000 
Batch No                   2     2.684    1.342    10.95  0.000 
Temperature                3   712.525  237.508  1938.33  0.000 
Combination*Batch No      24    35.623    1.484    12.11  0.000 
Combination*Temperature   36  1315.533   36.543   298.23  0.000 
Batch No*Temperature       6     1.369    0.228     1.86  0.099 
Error                     72     8.822    0.123 
Total                    155  6741.385 
 
 
S = 0.350047   R-Sq = 99.87%   R-Sq(adj) = 99.72% 
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Appendix 21 
Analysis of variance for different loading concentration of AA 
 
 
ANOVA: AA versus combination, Batch No, Temperature  
 
Factor       Type   Levels  Values 
combination  fixed       3  1, 2, 3 
Batch No     fixed       3  1, 2, 3 
Temperature  fixed       4  1, 2, 3, 4 
 
 
Analysis of Variance for AA 
 
Source                   DF       SS      MS       F      P 
combination               2  15.9967  7.9984  151.41  0.000 
Batch No                  2   0.2188  0.1094    2.07  0.169 
Temperature               3   9.5898  3.1966   60.51  0.000 
combination*Batch No      4   0.2680  0.0670    1.27  0.336 
combination*Temperature   6   5.0417  0.8403   15.91  0.000 
Batch No*Temperature      6   0.1606  0.0268    0.51  0.792 
Error                    12   0.6339  0.0528 
Total                    35  31.9095 
 
 
S = 0.229837   R-Sq = 98.01%   R-Sq(adj) = 94.21% 
 
